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ABSTRACT 
This thesis presents a study of tissue culture systems of 3 low 
chromosome number composites , Crepis capillaris (2n = 6) , Haplopappus 
gracilis (2n = 4) , and Brachycome dichromosomatica (2n = 4), with a 
view to their being used in genetic manipulation experiments , including 
DNA uptake and fusion studies. An initial description has been made of 
the chromosomal characteristics of cell cultures of these 3 species , 
which includes the use of the Giemsa C- banding technique . A common 
pathway of karyotype evolution has been observed in these cultures . In 
addition , the C- banding analysis of a tumorous suspension cel l culture 
of Crepis capillaris , CAPT , has revealed e xtensive chromosomal rearrange-
ments , such as have not previously been reported in plant tissue cultures . 
Cell cycle analysis of the CAPT culture , using several different approaches , 
has uncovered an unusual model of cell kinetics , with a low growth frac t ion 
and a very short , or absent·, G1 phase in cycling cel l s . 
Attempts at DNA binding , and the binding of liposomes of 3 different 
lipid compositions , to protoplasts , as analysed using autoradiography , were 
successful . A model of variation in surface charge with cell cycle pro-
gression has been p roposed based on analysis of binding to protoplasts at 
different stages of the cell cycle . This model has been supported by the 
use of 2-polymer phase separation of protoplasts . 
Fusion of protoplasts was achieved using 3 different chemical fusogens , 
polyethylene gycol (PEG) , liposomes and concanavalin A (Con A) . Anal ysis 
of binucleates has revea l e d that cell cycle combinations occur in a close 
to random fashion , although such deviation from randomness as does occur 
is in the direction of like/like cell cycle combinations , which perhaps 
fits with the model of charge variation through the cell cyc l e which has 
been proposed . Differences in binucleate analyses for the 3 fusogens , 
suggesting differences in their modes of action , are discussed . 
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1 . 
GENERAL INTRODUCTION 
Cells which normally form part of higher organisms may be removed 
from their multicellular environment and maintained in a viable, dividing 
state for p rolonged periods in specialised media (Paul, 1960). Such 
long-term in vitro culturing of cells was first demonstrated by Harrison 
in 1907 using cells from the spinal cord of a frog . Since then tissue 
culture technique s have improved greatly and extens ive use has been made 
of the large relatively homogen eous cell populations available in tissue 
cultures , for studies of physiological and deve lopmental processes . 
The ability to transfe r whole genomes between mammalian cells by cell 
fusion (both intra and inte rspecific) using inactivated sendai virus 
(Harris and Watkins , 1965 ) h as been the cornerstone of somatic cell genetics 
and gene mapping . The phenomenon of chromosome segregation in hybrid cells, 
first noticed by Weiss and Green (19 67) in human/mouse hybrids has become 
a powerful tool for the p roduction of genetic maps in eukaryotes (Boone and 
Ruddle , 1969; Boone et al ., 1972), and over three quarters of the genetic 
loci now described in the human genome have been locate d by the us e of 
hybrid cells . Cell hybrids involving one malignant parent are valuable 
for the inves tigation of the genetic control of malignancy (Defendi et al ., 
1967) , and yield information which may aid in the management of this 
widespread disease of man (Sidebottom , 1980) . Well defined mutants in 
mammalian cells in culture allow specific isolation of heterokaryons . By 
using two parental cell lines which carry different markers one can 
establish a selective system wherein hybrid cells will grow but parental 
cells will not, as in the HAT hybrid selective system,which was devised 
by Little fi e ld in 1 964 , and is now extens ive ly used in mammalian systems . 
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Most recent investigations into the genetics of animal cell cultures 
have centred on the transfer of discrete portions of the genome of one 
organism into the genome of a different organism. Genetic modification 
of organisms in this way has enormous potential for contributing to 
several areas of biology, including the exciting future possibility of 
the repair of genetic disease in man, or the production of new genetic 
varieties of lives tock by simple gene addition. Such unorthodox 
manipulations would circumvent the need for the time consuming breeding 
experiments usually r equired to generate new phenotypes . Additionally , 
the use of small fragments of genetic information , and even single genes, 
allows n e w insights into fine r eso lution gene mapping and the control of 
gene exp r ess i on , including the genetic control of different iation and 
development . Foreign gen es have been successfully introduced and expressed 
in mammalian cel ls in the form of metaphase chromosomes (McBride and Ozer , 
1973 ; Willecke and Ruddl e , 1975) , as naked interphase DNA (Wi gler et a'l. , 
1979a; Willecke et al . , 1979) or as single genes which have been c l one d 
into prokaryotic vectors for transfer into host cells (Merri l et al. , 19 71 ; 
Wigler et al ., 1979b) . The sophisticated t echniques which allow single gene 
transfer and g ne specific ~robes for their detection in transforme d ce lls 
(see Shows and Sakaguchi , 1980 ) , address the q uestion of the nature of 
gene interaction and express ion in mammalian cells at the molecular leve l. 
The use of metaphase chromosomes for the introduction of exogenous 
gene tic information may offer certain advantages in terms of biological 
fitness since the foreign genes are being introduced in thei r natural 
form , as chromatin . Techniques are now being developed to separate 
individual chromosome types by flow microfluorimetry , and have already 
yielded individual chromosomes , or groups of chromosomes , i n high purity , 
from several mammalian genomes (Gray et al . , 19 75 ; Carrano et al ., 1979 ) · 
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Preliminary studies using several di f ferent fluorescent DNA stains 
(Hoechst 33258 , DAPI, chromomycin A , ethidium bromide and propidium 
3 
iodi de ) have reveale d that th e relative fluorescence of i ndividual 
chromosome types vari es with the stain used , indicating that individual 
chromosome types differ in their chemical p rope rties (Langlois et al . 
1980) . Thus , the chromosomes may be separated in terms of size and 
chemical characteristics. 
An addi tional possibility for gene tic manipulation , which has 
rece ived some attention r ecently , is the entrapme nt of foreign genetic 
material inside lip id vesicles (liposomes ) which may then be fused with 
mammalian cells (Paste , in press) . The liposomes may provide some pro -
tection for the introduced molecules , and , additionally , appear to have no 
cytotoxic effect on host ce lls . Targe ting of liposomes through incorpor-
ation of an tibodi es into t he lipid bilayer opens up their potential usage 
for directed drug therapy , or , possib ly, gene therapy in specific tissues 
in man . 
Whils t such g r eat advances are being made with mammal ian tissue 
cultures , l ess progr ess has been made with plants . It was not until 1934 
that White reported th e first s uccessful , long term , cul tur ing of plant 
cells , but by the 1950 ' s it was poss ible to grow viable , highly separated 
plant cells in both liquid me dia and on agar plates . Despite the avail-
ability of such cultures , and the r efo r e the potential for studies on 
somatic cells of plant origin , th e field of plant tissue c ulture lagged 
far behind that of animal tissue culture . For example , although there 
have been several reports of chromosome s egregation occurring within p l ant 
heterokaryons (Powe r et al ., 19 7 ~; Gleba and Hoffmann , 1979 ), no use has 
b een made of th se hybrid cells for c l ass ical genetic studies . Simi l ar l y , 
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there have been no unambiguous reports of the uptake and expression of 
foreign genetic material in plant cells . The medical relevance of many 
of the genetic studies in mammalian cells has , perhaps , motivated 
accelerated progress in this field as compared with plant tissue culture. 
The genetic manipulation of plant cells must, however, be equally 
important in human terms , as a means of producing improved crop plants 
within species which are sexually incompatible and cannot therefore be 
produced by normal breeding prog rams . In a world where increasing demand 
is being p laced o n the limited food supplies and energy resources , the 
improvement of agricultural plants by the introduction of specific genes 
which , for examp l e , confer on plants the ability to resist certain 
diseases , or, possibly , th e ability to fix nitrogen from the air , would 
be of vital importance . 
Aside from the far-reaching possibilities for the use of plant tissue 
cultures for agricultural purposes , p lant systems offer certain advantages 
over animal tissue cultures for basic investigations at the cellular or 
whole plant l eve l . The media which support the growth of plant cells are 
much l ess complex , consisting of inorganic salts , trace elements , vitamins , 
a carbon source, and p lant growth regulators . Haploid cultures are 
readily obtained from many plants by the technique of anther culture 
(Nitsch and Nitsch , 1969 ) , and these cultures are valuab le for genetic 
studies , particularly for the isolation of recessive mutants . Plant cells , 
unlike animal cells , may be regenerated into whole organisms in the presence 
of a particular balance of g rowth regulators (hormones) . This means that 
genetic manipulations at the cellular l e vel may be evaluated at the whole 
plant level, and that the detection of mutants which are specifically 
blocked in developmental processes should be possible . Although the majori t y 
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of successes with whole plant r egeneration have been with plants which 
have no agricultural importance , amongst the agricultural Gramineae plants 
can be regenerate d from callus of wheat (Shamida et al ., 1969), rice 
(Nishi et al ., 1968) , sugar cane (Nickell and Heinz , 1974), maize (Green 
and Phillips , 1975) , barley (Cheng and Smith, 1975), and oats (Lorz et al ., 
1976) . It is e ven feasible to select for high fr e quency of regeneration 
as shown by Bingham et al . (1975) in a line of alfalfa, where after two 
cycles of r e current selection , the freque ncy of regenerating genotypes 
increased from 12 % t o 6 7%. 
In t erms of genetic manipulation of plant cells , the infection 
mechanism of Agrobacteriurn twnefaciens , which cause crown gall disease 
in dicoty l edonous p l an ts and some monocoltyledonous plants , may provide 
a natural vehicle for the introduction of fore ign genes into plant 
cells . The Ti p l asmid of A. twne f aciens e nters wounded cells , and a 
part of the p lasmid known as the T-DNA region becomes integrated into 
the p lant gen ome (Chilton et al ., 19 77). Thus , it may be possible to 
introduce foreign genes into plant ce lls by integrating them into the 
Ti p lasmic , the wide host-ra nge of A. twnefaciens making it excellent for 
s uch a n infection p r ocess . P lant tumour cells are characterised by 
their ability to grow , in tissue culture , in the absence of added phyto-
hormones , and often by the ir capaci ty for synthesis of one or two unusual 
types of a min o acid d e rivatives . Such markers should be useful in the 
se l ection of ransformwits or as part of a se lective system for the 
isolation of hybrid cells , and in fact Mart6n et al ., (1979) have already 
shown the recovery of hormone independe nt callus from tobacco protoplasts 
treated with A. twnefaciens . 
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Thus , plant systems may hold nswers to problems in areas of 
development and diffe rentiation which cannot be tackled in animal tissue 
cultures , and certainly offer great potential for studies of a genetic 
nature . It is interesting to question why it is that the field of plant 
cell culture has not advanced to the same extent as animal tissue 
cultures . One of the major prob l ems in plant systems is that the cell 
wall must be removed , to produce protoplasts , before either fusion or 
uptake expe rime nts can be attempt e d. Although simple reproducible 
t echniques for enzymatic digestion of the cell wall are now available , 
these methods were not introduc e d until 1960 (Cocking) , and often have 
to be modified considerably for different species of plants , different 
cell lines , and even for cell cultures in different phases of growth 
(Uchimiya and Murashige , 19 74) . Sin ce p lant cells in culture normally 
grow in clumps this has also presented an obstacle to genetic studies 
of somatic cells , which requires manipulations at the single cell level . 
The introduction of prot oplast isolation and culturing techniques have 
now circumvented this p r ob l em . The recently developed method of cell 
fusion using polye thy l e n e glyco l (PEG) (Kao and Michayluk , 1974) makes 
fusion b tween two ce lls of widely different type s both feasible and 
simple , a nd has similarly revolutionised th e procedures for animal cell 
fusion . However , despit e the ease of inducing cell fusion , effective 
hybrid se l ection systems arc sadly lacking in plants , mainly due to the 
difficulty of isolating stab l e mutants from plant cells . Part of this 
difficulty may li e in the apparent redundancy o f many of the genes in 
p lant cells , as s uggested by the l eaky nature of some plant mutants . Even 
the mutant strains i so lated by Carlson (1970) from a haploid line of 
Nicotiana tahacwn have prove d to be l eaky. Some authors have avoided the 
us e of mutants in heterokaryon selection by utilising differential drug 
7. 
sensitivities (Power et al ., 1976), chlorophyll deficient plants 
(Melchers and Labib, 1974), and, in one case, the naturally occurring 
tumorous nature of the hybrid plant (Carlson et al ., 1972). Nevertheless , 
the problems of mutant isolation pose a real barrier to genetic studies 
and probably represent the greatest obstacle to be overcome in the field 
of p l ant cell genetics . The sophisticated techniques, used with animal 
cel ls, for single gene introduction and subsequent detection in resultant 
transformants, cannot be developed in plant cells without the availability 
of well defined genetic mutants . 
Th e use of advanced cytogenetic techniques in plant tissue culture 
could provide markers in the absence of the more specific markers provided 
by genetic mutants. By the use of chromosome banding techniques (Hsu, 
1973), individual chromosomes , and even specific regions of chromosomes, 
can easily be ide ntifi ed . This allows more accurate description of 
chromosomal change in cell cultures , particularly in hybrid cells, and 
provides more specific information on chromosomal location of genes in 
mapping procedures . Unfortunate ly, chromosome banding methods have not 
been exploited in p lant tissue cultures , and this again represents a 
major barrier to more de taile d work with plant cells in culture. The 
reasons for this particular gap in p lant systems presumably relates to 
the poor choice of species for such work , i.e. species which have large 
numbers of small chrornosom sand are the refore generally unsuitable 
for cytogenetic analysis (see Gleba and Hoffmann, 1979 ). 
Apart from these t echnical problems , there has been some controversy 
r egarding claims of transformation in plant cells. Fo r example, Ledoux 
and co-workers examined the interaction of bacterial DNA with germinating 
seedlin gs , and claimed that the fore ign genetic material had become 
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covalently bound t o the plant genome (see Ledoux , 1974) . Ledoux ' s 
evidence for such a conclusion was ' based on the presence of a replicating 
DNA mo l edule in the seedlings which has a bouyant density in CsCl inter-
mediate in value to the who l e p l ant DNA and the donor bacterial DNA. 
This unusual DNA molecule was not observed by Kleinhofs et al . (1975) in 
a similar experiment, and they concluded that a r eplicating DNA molecule 
of a bacterial contaminant of the original seed was probably r esponsible 
for Ledoux ' s findings . A number of other studies in this field have 
been ambig uous , and authors have often drawn firm conclusions from 
equivoca l data . This , at one time , led to considerable confusion and 
dissillusionment amongst workers involved in the unorthodox genetic 
manipulation of plants . Indeed the field itse lf suffered from suspicions 
generated by some of the early work . 
Part of the problem has been poor choice o f e xperimental material, 
as , perhaps , with Ledoux ' s work , but also the approaches to plant 
transformation s tudies have often been geared to obtaining rapid , 
sensational results, with n o attempt a t systematic characterisation of 
the ce ll systems being used. The interaction b etween the plant cell 
membrane and , for example , DNA, may be affect ed by pH changes , cycle 
phase of the cel l s (whi ch is known to alter membrane physiology) , osmotic 
stat e of th e ce lls , a nd other such conditions which can easily be monitored . 
It may be that the plant cells exhibit a state of competance for trans-
formation at a parti cular stage of the cell division cycle , as with 
bacterial ce lls (Hot chkiss , 1954 ) . Additionally , it shou ld be possible 
to follow the movement of the introduced mate rial by cytological investi -
gation , including a utorad i ography . Such t echniques may produce the hard 
quantitative data r equired in this field of study . 
I f progress in soma ti c cell genetics of plants is to be accelerated , 
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there are then certain central problems which should be tackled . One 
of t hese problems is choi ce of experimental material. Although much 
effort has been directed towards the development of "model vectors" 
for genetic manipulation experiments in plants (e.g. Schilperoort et al. , 
1978) , not much attention has been focused on the choice of model hosts 
for such investigations . In this project, three low chromosome number 
composites have been used in studies of DNA binding , protoplast fusion , 
and preliminary observations on the use of liposomes as possible vehicles 
for the introduction of foreign genetic material into plant cells . The 
three species , Crepis capillaris (2n = 6) , Haplopappus gracilis (2n = 4), 
and Brachycome dichromosomatica (2n = 4) , have been chosen for this 
study , to e valuate their potential for use as model hosts for unorthodox 
genetic expe rime ntation . Certainly , the low chromosome numbers and 
distinctive morphological characteristics of the chromosomes in all 
three species allow cytological investigation at the single chromosome 
level , which has been difficult in many of the plants previously utilised 
for fusion and uptak e studies. This probably represents the biggest 
advantage gained in using these three members of the Compositae . Although 
this work does not include the isolation of mutants , use has been made of 
cytogen tic analysis , including chromosome banding,which should at least 
provide some markers in the karyotype which may be detected in genetic 
manipulation experime nts . It is hoped that future work with these plants 
will include attempts at isolation of genetic mutants since the lack of 
specific genetic markers represents such an obstacle to progress in 
plant somatic cell studies . 
Cell cultures , which are maintained both as callus and in suspension 
for all three species , provide sterile material for experimentation , 
thereby avoiding problems of contamination in the original host cells , as 
10. 
with Ledo ux ' s work . Als o , the use of rapidly dividing suspension cell 
cultures should provide a rich source of readily isolated protoplasts, 
so that manipulations can be carrie d out at the single cell level, 
without the barrier of the plant c e ll wall. Protoplasts at all stages 
of the division cycle should b e r e l e ased from the se cultures , so that 
cell cycle related phe nome na can b e investigated. Competance for 
transformation may only occur at on e discre te part of the cell division 
cycle. Ob se rvatio ns of Farbe r et al . (1975) on mammalian cultures, 
indicate that ce lls in e xpon e ntial g rowth inge st more DNA than cells in 
stationary p has e . If similar e ffe cts occur in tissue culture cells of 
the se p lants , it may be pos s ible to incre ase the efficiency of trans-
formation by s e lecting as host cells only those cells which are in the 
optimum "sta t e " for the intro duction of fore ign ge netic information. 
These three spec i e s are no t only available in tissue culture , but 
it is als o p ossible to r ege ne rate wh ole p lants from callus culture s of 
Crepis capillaris (Sac r i s t an and We ndt-Gallite lli, 1973), although this 
has not b een attempte d in thi s p roj e ct , and from callus cultures of 
Brachycome di hromosomatica (Gould, 19 79a). Thus it should be possible 
in the s e plants to study the e ffe cts of genetic manipulation in somatic 
c e lls or the whole p lant. It has also been possible to obtain haploid 
ti s sue from anther c ulture of B. dichr omosomati ca (Gould , 1979b ) . 
A tumo ur d e rive d culture of Crepis capillaris has been used in much 
of th e e xpe rime ntati on to be de scribed . This culture , which is phyto-
h o rmo ne independe nt f o r g r owth, may p rovide a marker for the selection 
of p o s sible h e t e rokaryon s or transformants . 
As a pre r equisite for carrying out experiments which may change the 
g enotype and the phe notyp of c e lls , it is ne c e ssary to describe the 
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characteristics of the original host cells . Thus , the first two 
chapters of this thesis are devoted to establishing, firstly, the 
chromosomal make-up of the three plants and their derived tissue 
cultures , and , secondly , the details of the cell division process in 
culture . Chapters three and four concern the binding of DNA and 
liposomes to protoplasts and the fusion of protoplasts. A quantitative 
cytological approach has been exploited throughout this f usion and binding 
work . 
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GENERAL MATERIALS AN D METHODS 
0 . 1 WHOLE PLANT MATERIAL (see Fig. 0 .1) 
0 . 1 . 1 Crepis capillaris 
Seeds (supplied by the Botanic Gardens, Berlin) were genninated 
on wet filter pape r at 22°C in the light, and plants were maintained 
in a glasshouse , with a diurnal temperature range of 15°c to 24°C. 
Flowering occurred on a 16 h day , 8 h night regime . 
0 . 1. 2 Hap lopappus graci lis 
Seeds (kindly provided by R. C. Jackson) were genninated on wet 
filter paper at 22°C , in the light , and p lants were then maintained in 
a glasshouse with a diurnal temperature range of 15°C to 24°C . Flowering 
occurred on a 10 h day, 14 h night regime . H. gracilis is found from 
Southern Colorado and Utah , to the State of Durango in Mexico , and west 
to the eas tern border of California (Hall , 1928) . 
0.1. 3 Brachy come di chromos omati ca 
Seeds of this plant were collected from Wild Dog Glen in the 
Flinders Ranges of South Australia (site referred to by Watanabe et al ., 
1975) , in early Sept ember 1976 by Gould , and by the present author in 
the following September . Plants have been maintained in a controlled 
e nvironment cabinet (day length 18 h , day temperature 24°C , night 
temperature 18°C) where they produce many flowering scapes , and grow 
much larger than in the field . The seeds of B. dichromosomatica contain 
strong gennination inhibitors which may be overcome by long periods (up 
to 70 days) of leaching in tap water (see Gould , 1979a ) . 
FIG. 0 . 1 
Crepis capillaris Haplopappus gracilis Brachycome dichromosomatica 
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0.2 CELL CULTURES 
The callus and suspension cell cultures derived from these 
species , and used in the present study , are listed in Table 0.1. Their 
origin , culture designation, characteristics, and the media on which 
they have been maintained, are documented in this table. Callus cultures 
were grown on solid agar media , incubated in the dark at 26°C, and 
regular transfers to fresh medium were performed every 3 to 4 weeks 
depending on the growth rate of the particular culture (see Fig . 0.2). 
Callus cultures which were originally s e tup at R. S .B. S . were obtained 
by laying cut s urfaces of hypochlorite sterilised tissue onto agar 
medium , followed by incubation as above . Stock suspension cell cultures 
(60 ml) in 250 ml Erlenmeyer flasks were grown in the dark at 26°C with 
rotary shaking (150 rpm with a½" throw) (see Fig . 0 . 3) . Regular trans -
fers were performed by innoculating 10 ml of 7 day old suspension into 
50 ml of fresh medium . The Nicotiana sylvestris suspension cell culture 
is maintained in suspension as above , and has been used in some compara-
tive studies in this project . 
0.3 CULTURE MEDIA 
Three different media have been used (see Table 0 . 1) . These are 
Miller ' s B medium (Mille r, 1963) , BS medium (Gamborg and Eveleigh , 1968) , 
and Linsmai r and Skoo(_J ' s mc di wn. The precise compositions of the 
media used in this study are given in Tables 0 . 2 to 0 . 4 . 
0.4 VIABILITY ESTIMATION 
The viability of both suspension cells and protoplasts was estimated , 
under the microscope , after a 5 minute treatment in Evans blue stain (0 . 25 
TABLE 0.1 
Species 
Crepis 
capi L Laris 
Hap Lopappus 
graci Lis 
Brachycome 
dichromosomatica 
Nicotiana 
syLvest:ris 
LIST OF CULTURES USED, AND THEIR CHARACTERISTICS 
Culture 
Designation 
CAP 
CAPT 
HA-1 
HA-new 
HA-3 
LIN 31 
LIN 113 
NS-1 
Origin 
Tlibingen (Sacristan) 
II 
Saskatoon (Gamborg) 
RSBS shoot derived . 
II 
RSBS leaf and bud 
derived. 
RSBS 
Leicester (Dix) 
Characteristics 
Callus 
Tumour derived callus 
and suspension, 
(Sacristan and Melchers, 
1970) 
Medium type 
BS 
BS without 2 , 4-D 
Aneuploid suspension BS 
(also kept as callus) 
Callus BS 
Suspension derived from BS 
HA-new . 
Callus and suspension, 
initially embryogenic. 
Callus, embryogenic 
Tetraploid suspension 
Miller's B, supplemented 
with a-naphaleneacetic -
acid (NAA) at 0.5 mg 1-1 
and kinetin at 0.1 mg 1-1 . 
Also, BS. 
II 
Linsmaier and Skoog 
medium (1965) 
II 
FIG. 0 . 2 Callus cultures of (a} HA-1 ; (b) CAPT ; (c} Lin 31 ; and 
(d) NS-1. 
FIG . 0 . 3 G 11 nkamp illumin t d cooled orbital incubator used for 
maintcnanc of suspension cell cultures . Flasks were incubated 
in the dark at 26°C with rot ry shaking at 150 rpm . 
TABLE 0.2 
Component 
Major salts 
NH 4No 3 
KN0
3 
KH
2
PO 
4 
Ca (N0 3 ) 2 . 4H 20 
KCl 
MgS0 4 . 7H20 
Minor salts 
MnS0 4 .H 20 
H
3
Bo
3 
ZnS0 4 . 7H 20 
KI 
Micronutrients 
Nicotini c acid 
Pyridoxine-HCl 
Thiamine-HCl 
Glycine 
Fe Chelate 
FeS0
4 .7H20 
Na2 EDTA 
Sucrose 
pH adjusted to 5 .8 
MILLER'S B MEDIUM 
Final Concentration (mg/L) 
1000 
1000 
300 
500 
65 
72 
4 . 9 
1.6 
2 .7 
0 . 8 
0 . 5 
0 . 1 
0 .1 
1. 0 
23 . 95 
32 
20 , 000 
Final Molarity (mM) 
12. 5 
9 .9 
2 . 2 
2.1 
0 . 87 
0.3 
0.029 
0 . 026 
0 . 0094 
0 . 0048 
0 . 0041 
0.0005 
0.0003 
0.013 
0.086 
0 .0 86 
58.4 
TABLE 0.3 
Component 
Major salts 
KN0 3 
MgSO .7H 0 
4 2 
CaCl . 2H 0 
2 2 
(NH ) SO 
4 2 4 
NaH PO . 2H 0 
2 4 2 
Minor salts 
MnSO . 4H 0 
4 2 
HBO 
3 3 
ZnSO .7H 0 
4 2 
KI 
Na MoO . 2H 0 
2 4 2 
CuSo . SH 0 4 2 
Coc l
2
.6H
2
0 
Micronutrients 
Nicotinic acid 
Pyridoxine - HCl 
Thiamine - HCl 
Myo-inositol 
Fe Chelate 
FeS0
4
.7H
2
0 
Na2 EDTA 
Sucrose 
2 , 4-D 
Cas-amino acids 
pH adj usted to 5 . 5 
BS MEDIUM 
Final Concentration (mg/L) 
2500 
250 
150 
134 
150 
10 
3 . 0 
3 . 0 
0 .75 
0.25 
0 . 25 
0 . 25 
1.0 
1.0 
10 
100 
27 . 85 
37 . 25 
20 , 000 
2 
1.0 
Final Molarity (mM) 
25 
1.0 
1.0 
1.0 
0 . 9 
0.04 
0 . 05 
0.01 
0 . 005 
0 . 001 
0 . 0010 
0 . 001 
0 . 008 
0 . 005 
0 . 03 
0 . 56 
0 .1 
0.1 
58 .4 
0.009 
TABLE O. 4 LINSMAIER AND SKOOG MEDIUM (L AND S) 
Component Final Concentrations (mg/L) 
Major salts 
NHl0 3 
KN0
3 
MgS0
4
.7H
2
0 
CaC1
2
. 2H
2
0 
KH
2
P0
4 
Minor salts 
MnS0
4
.4H
2
0 
HBO 3 3 
ZnSO .7H 0 
4 2 
KI 
Na2Mo04.2H20 
Cuso 4 . 5H20 
CoC12 . 6H20 
Micronutrients 
Thiamine - HCl 
Myso-inositol 
EDTA ferric monosodium 
salt. 
Sucrose 
2 ,4-D 
Kinetin 
Cas amino acids 
pH adjusted to 5 . 6 
1650 
1900 
370 
440 
170.6 
22.3 
6.2 
8.6 
0.83 
0.25 
0 . 025 
0.025 
0 .04 
100 
37.25 
40,000 
0 . 4 
0 . 03 
1000 
Final Molarity (mM) 
20.6 
19 
1.5 
3 . 0 
1.25 
0 .1 
0 .1 
0.03 
0.005 
0.001 
0.0001 
0 . 0001 
0.0001 
0 . 56 
0 . 1 
117 
0.002 
0 . 0001 
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per cent w/v). Live cells retain their semi-permeable properties and 
therefore exclude Evan ' s blue whereas dead cells become pigmented as 
the dye penetrates (Gaff and Okong'O-Ogola , 1971) . The validity of 
this method has been checked by reciprocal staining with fluoroscein 
diacetate , which causes live cells to fluoresce (Widholm , 1972). 
0 . 5 FEULGEN STAINING OF CELLS AND PROTOPLASTS 
Fe ulgen stain was prepared by overnight decolourisation of a 
0 . 5% solution of basic Fuchsin (Sigma) , with 1 M HCl (10 ml to 100 ml 
solution) and potassium metabisulphite (0 . 5 g to 100 ml solution) . 
Since decolourisation was often incomplete by the morning , further 
r eduction was performed with activacted charcoal, or by bubbling so2 
through the solution. Feulgen-DNA contents of carrot root tip meriste-
matic cells , as measured by microspectrophotometry , indicated that the 
addition of charcoal rather than so2 gas provided the most effec
tive 
stain (Fig . 0.4). In fact , the untreat ed , pinkish-coloured stain was 
more potent in its reaction with carrot DNA than the so2 - treated solution . 
Cel l Staining 
Cells , fixed in 3 : 1 ethanol:acetic acid at 4°C , for at least 24 h , 
were washed several times in distilled water , and treated with 1 M HCl 
at 60°C , for 12 min , prior to staining in Feulgen for 2 hours . A 5 min 
wash in so2 
water (freshly prepar ed 1:1 mixture of 10% potassium metabi-
sulphite and 0 . 5 M sulphuric acid), was performed to remove all "loosely-
bound" Feulgen stain. Cells were the n transferred to 45 % aqueous acetic 
acid for softening , before p r eparation of squashes . Cover slips were removed 
in dry ice , aft r the method of Conger and Fairchild (1953) and the slides 
e ither stored in water , prior to the preparation of autoradiographs , or 
FIG . 0 . 4 
QJ 
u 
::J 
C 
~ 
0 
,.._ 
QJ 
__o 
E 
::J 
z 
8 
6 CONTROL 
4 
2 
0 
8 JUST CHARCOAL 
6 
4 
2 
0 
8 
6 CHARCOAL + so 2 
4 
2 
0 
:l JUST SO 2 
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3,4 3.6 
Log 10 DNA content 
(arbi trary units) 
DNA profile s of carrot root tip rneristernatic cells stained 
with 4 diff r nt Fc ulgc n preparations (a) control (i . e . no charcoal 
or so
2
) ; (b) _stain d e colorise d using charcoal ; 
using charcoal and S02 ; 
(c) s tain decolorised 
(d) stain decolorised using just so 2 . 
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permanently mounted in either Gurr's XAM neutral mounting medium or 
DEPEX . 
Protoplast Staining 
Protoplasts were fixed in 75% carnoys solution (3:1 ethanol:acetic 
acid) , in water, plus 13% sorbitol, at 4°C for at least 24 h . The 
sorbitol osmotically buffers against bursting of the protoplasts , but 
must be carefully washed from the protoplasts, with several changes of 
fresh fixative , since Feulgen stain reacts with any sorbitol remaining 
in the protoplasts . The sample , in a drop of fixative , was then thoroughly 
air-dried onto microscope slides prior to hydrolysis in 1 M HCl , at 60°C 
for 12 min. A preliminary study was undertaken to determine the optimum 
hydrolysis time for Feulgen staining of protoplasts. CAPT protoplasts 
were treated for varying hydrolysis times prior to addition of stain, 
and Feulgen DNA-content profiles of 30 protoplasts of each sample were 
obtained by microspectrophotometry (Fig . 0 .5a). A plot of main G1 values 
for each sample is shown in Fig . 0 . 5b , and indicates that the optimum 
staining is achieved after 12 min hydrolysis . The hydrolysis treatment 
was followed by Feulgen staining for 2 h, and a 5 min wash in so2 water. 
Slides were then washed in distilled water , and either stored in water 
prior to the preparation of autoradiography or permanently mounted in 
either Gurr ' s XAM neutral mounting medium , or DEPEX . 
0 . 6 AUTORADIOGRAPHY 
Subbed microscope slides were used in autoradiograph preparations , 
to ens ure good wet-adhesion of the emulsion during processing . The 
subbing solution used consists of 1 g each of Kodak purified gelatin , 
and chrome alum (chromium potassium sulphate ) dissolved in 1 litre of 
12 4 MIN 3.2 
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<{ 3.05 z f 
0 0 
't C 3.0 I 8 MIN 0 Q) ~ 2.95 I Q) 
u 
::, 12 2.9 C 10 MIN 2 4 6 8 10 12 14 16 
~ 8 0 
I... 4 Hydro lysis time (min ) Q) 
..0 
E 0 b ::, 
z 12 12 MIN 
8 
4 
0 
12 
8 
4 
0 7 
't 16 MIN 
~ 
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FIG. 0 . 5 (a) DNA content profiles of CAPT protoplasts treated for 
varying hydrolysis time s prior to addition of Feulgen stain. 
(b) Me an Feulgen d e nsities of G1 nuclei of CAPT protoplasts 
ov r a range of hydrolysis tim s . 
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water . Prepared slides , previously left soaking in distilled water, 
were each coated with a layer of Kodak AR.10 fine grain autoradiographic 
stripping film , under illumination filtered by a Kodak safelight filter 
No. 1 (red). Autoradiographs were exposed, at 4°C, in a light-tight 
container , p rior to development in Kodak D-19 , for 5 min, and fixation in 
Ilford Hypam for 2 min. For quantitative autoradiography, it is 
important to cut down light during developing , so that this step was 
carried out in complete darkness . Finally , slides were washed in a 
running water bath for approximately 30 min , dried in an oven at 50°C, 
and examined under oil immersion on an Olympus microscope. In all cases 
the tracer used was tritium. 
0 .7 FEULGEN-DNA DEN SITOMETRY (MICROSPECTROPHOTOMETRY) 
Measurements of DNA content of individual nuclei in Feulgen-stained 
autoradiographs were performed on a Zeiss 02 photometer system at 570 nm. 
Integrated absorbance of specimens was automatical ly calculated by 
running the APAMOS MODIFIED program (Automatic Photometric Analysis of 
Microscopic Objects by Scanning) on a Digital PDP12 computer interfaced 
to the photometer . The scanning motion of the motor-driven stage sets 
up the measurement raster in contrast to the flying spot/static sample 
approach used by the Vickers M85 machines . The set-up is illustrated 
in Figure 0 . 6, a nd the Peulgen spectrum of a CAPT nucleus is shown in 
Figure 0 . 7 , which gives confinnation that Fe ulge n absorbs optimally at 
between 550 nm and 570 nm . 
0.8 COMBINED MICROSPECTROPHOTOMETRY AND QUANTITATIVE AUTORADIOGRAPHY 
Two methods have been developed for quantitative estimation of silver 
FIG . 0 . 6 Zeiss microspectrophotometer system interfaced to a Digital 
POP computer . 
(1) Stage control unit . 
(2) Licht intcnsity/s nsitivity 
control. 
(3) Motoris d stage . 
(4) Adjustable monochromator . 
(5) Program tape (APAMOS MODIFIED) . 
(6) Data tape . 
(7) Visual display . 
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FIG . 0 . 7 Feulgen spectrum of a stained CAPT nucleus . 
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grains combined with DNA content estimation, for Feulgen stained 
autoradiographs of cells/protoplasts (Gould , 1979c) . 
(i) Silver removal method 
By this method the absorbance at 570 nm of a Feulgen stained 
specimen is measured before and after silver removal treatment . Thus, 
by this method: 
DNA CONTENT 
SILVER GRAIN DENSITY 
ABSORBANCE AT 570 NM AFTER SILVER REMOVAL. 
ABSORBANCE AT 5 70 NM BEFORE SILVER REMOVAL 
ABSORBANCE AT 5 70 NM AFTER SILVER REMOVAL. 
The treatment involves soaking slides for 4 min in freshly made up 
Farmer ' s Reducer reagent, which consists of : 
1 part solution A (7 . 5% w/v potassium ferricyanide). 
4 parts solution B (24 % w/v sodium thiosulphate) . 
27 parts distilled water . 
The APAMOS MODIFIED program contains the routines " Draw a Map" and 
"Find and Adjust " which will retain and relocate the co- ordinates of 
objects on slides relative to an origin specified by the operator . Thus , 
the position of a cell relative to an origin canbe recorded , and r e location 
of previously labelled cells on Feulgen stained autoradiographs can be 
achieved for absorbance measurements following silver r emoval. Fig . 0 . 8 
shows a cell b e fore and after Farmer ' s Re ducer method (Fig. 0 . 9) shows the 
strong corre l ation (corre l ation coeff . = 0 . 968) between visual grain 
counting and silver density as measured by this method. 
(ii) Two wave-length method 
This method r e lies on absorption spectra differe nces bet ween silver 
grains and Feulgen dye . It can be seen in Fig . 0 .10 (afte r Gould, 1979c ) 
FIG . 0 . 8 Feulgen stained autoradiographs 
of NS-1 protoplasts before and after 
silver removal . 
After silver removal. 
FIG . 0 . 11 Feulgen stained autoradio-
graphs of NS -1 protoplasts at various 
wavelengths . 
~ 
Before silver removal . 
After silver removal (without 
coloured filter) . 
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that absorption by silver grains over a wavelength range of 430 nm to 700 nm 
remains fair l y constant . Thus , it is possible to measure absorbance due 
to silver grains at either end of the Feulgen spectrum where little inter-
ferance due to Feulgen absorbance occurs . It is important to note that 
DEPEX , XAM and stripping film all give low, constant absorbance over the 
wavelength range used . Fig. 0 . 11 shows the change in visibility of a 
Feulgen stained nucleus over the range of wavelengths. Measurements of 
silver grain density are preferably made at 670 nm rather than at 470 nm 
since Feulgen absorbance is greater. at the shorter wavelength (see Fig. 
0 . 10) . A second measurement at 570 nm gives a measure of the DNA content 
of the specimen , combined with the silver density . Thus , by this method: 
DNA CONTENT = ABSORBANCE AT 5 70 NM - ABS ORBAN CE AT 6 70 NM . 
SILVER GRAIN DENSITY= ABSORBANCE AT 670 NM. 
The correlation between visual grain counting and the quantification 
of silve r grain density by the two wave-length method is high (correlation 
coeffici e nt= 0 . 97) (see Fig. 0.12). Using measurements at 470 mm this 
coefficient is considerably lower (0 . 89) (Gould , 1979c) . More consistent 
r esults are obtained by varying light intensity rather than detector 
sensitivity to obtain standardised background settings at the different 
wavelengths. 
Protoplast Isolation Techniques 
Enzyma.tic digestion methods for protoplast isolation were developed . 
It was found that an enzyme combination of Driselase (Kyowa , Hakko Kogyo 
Co . Ltd . , Tokyo) , Pectinase (Sigma) , and Hemicellulase (Sigma) in a buffer 
of 2 mM Nall PO plus 3 mM Ca Cl . 211 0 at pl! 5 . 5 , was e ffective for the 
2 4 2 2 
release of protoplasts from cell suspensions of all 3 composites , and for 
the NS-1 suspension ce ll culture . Sorbitol , at 111 or 131 was added to 
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osmotically buffer the protoplasts on their release , and prevent bursting . 
Cell suspensions were initially washed , twice , in a Protoplast Washing 
Buffer (P.W.B.) which consisted of 2 mM NaH PO , 3 mM CaCl . 2H O, and 2 4 2 2 
either 11% of 13% sorbitol , pH adjusted to 5 . 5 , which caused initial 
plasmolysis of the cells . 10 ml enzyme was added to cells from each 
10 ml cell suspension , and the mixture was incubated in a sealed 9 cm 
petri dish , on a rotating platform (50 r.p . m.) at 27°C . The release of 
protoplasts was monitored under an Olympus inverted microscope. 
Variations in enzyme concentrations , sorbitol concentrations , and periods 
of incubation for each culture are documented in Table 0 . 5 . 
Once a good yield of protoplasts was obtained , the cell/enzyme 
mixture was filtered first through a 100 µ nylon filter , followed by 
a filter of smaller pore diameter (s ee Table 0 . 5 ), washed twice in P . W.B. 
and used for experimentation . Counts of the numbers of protoplasts per ml 
were made using a haemocytometer . The process was all carried out under 
sterile conditions , the e nzyme mixture being pre-sterilized using a 
0.45µ millipor filter . 
Leaf protoplasts of both Crepis capillaris ~ and Brachycome 
dichomosomatica were obtained using the enzyme compositions and times of 
incubation d tailed in Table 0 . 5 . Leaf tissue was initially sterilised 
in 10% hypochlorite solution , for 10 min , finally sliced , and then treated 
as abov for the eel ] suspensions . 
Photographs of released protoplasts are shown in Figure 0 .13. 
TABLE 0.5 PROTOPLAST ISOLATION METHODS 
Cell Source Enzyme Sorbi tol Incubation Protoplast Filter Average % yield 
Composition Concentration time (h) diame t e rs ( µ) size 
(me an ~ S .E . M.) (µ) 
CAPT 1% driselase 13% 12 21.2µ + 0 .157 37 30-+ 50% 
1 % pectinase 
0.5% hemicellulase 
HA-1 4% driselase 11% 6 35 -J.; 55 63 20 -+ 30% 
4% pectinase 
2% hemicellulase 
NS -1 2 % driselase 11% 3 - 63 
2% pectinase 
1% hemicellulase 
LIN-31 2% driselase 11% 3-+ 6 - 63 
2% pectinase 
1% hemicellulase 
C. capi Uaris 0 . 5% driselase 13% 12 - 63 
leaf 0 . 5% pectinase 
0 . 025% hemicellulase 
B. 2% driselase 11% 3-+ 6 - 63 
dichromos om- 2% pectinase 
atica leaf 1% hemicellulase 
FIG . 0.13a. Protoplasts from CAPT suspension cell culture. 
FIG. 0.13b. A l eaf me sop hyll protoplast of Crepis capillari-s . Chloro-
p l asts ar clearly visible within the cytoplasm . . 
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CHAPTER l 
CHROMOSOMAL ANALYSIS OF CELL CULTURES OF C. capillaris, 
H. gracilis AND B. dichromosomatica 
1.1 INTRODUCTION 
This chapter describes the chromosomal characteristics of the three 
species Crepis capillaris (2n = 6), Haplopappus graeilis (2n = 4), and 
Brachycome dichromosomatica (2n = 4), both in whole plant tissue and in 
tissue culture lines derived from these plants. Careful investigation 
of the organisation of the genomes of these systems is of primary 
importance when the proposed studies on these plants include plans to 
introduce exogenous genetic material into the cells . It is known that 
karyotypic changes , including both numerical and structural alterations , 
commonly occur in cells when they are removed from the whole plant and 
grown in a tissue culture environment (Sunderland, 1973 ; Bayliss , 1980) . 
Such deviations from the normal chromosome complement must , therefore, be 
assessed before cells in culture are used as "hosts " in genetic modification 
experiments. It is difficult to analyse the consequences of such manipu-
lations if the cells show variability in their chromosome complements or 
exhibit progressive karyotype evolutions . Further alterations in 
chromosomal make-up may also occur following the introduction of foreign 
genetic material. In heterokaryons (formed by fusion of two different cell 
types), extensive loss of chromosomes has been observed both in plant and 
animal sys t ems (Gleba and Hoffmann, 1979; Weiss and Green, 1967) . Again , 
knowledge of the numerical and structural achitecture of the original 
parental genomes is essential . The particular chromosomes lost can then 
be identified, and correlation of specific chromosome loss with any 
Phenotypic alterations which occur at the same time, might be a starting 
point for genetic mapping. Such techniques are routinely employed in the 
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mapping of the human g e nome (Boone et al ., 1972) . 
Many of the plant species wh ich have been used in fusion experiments 
and in studies of the uptake of foreign genetic material, have numerous, 
small, morpho logically similar chromosomes . For example , the recent 
p rotoplast fusion experiments of Gleba and Hoffmann (1979) , in which octaploid 
Arabidopsis thaliana callus p rotoplasts (with 40 tiny chromosomes) were 
fused with Brassica campestris protoplasts (which have 20 chromosomes) , 
took months of hard and t e dious work to analyse , and , by the authors ' 
published admission , caused nightmares , and a determination to avoid such 
species in the future . Similarly , other authors have used Nicotiana 
tabacwn (2n = 48), Petunia hybrida (2n = 14), Glycine max (soybean; 
2n = 40), and Arabidopsis thaliana (2n = 10) for both fusion studies 
(Me lchers et al ., 1975; Kartha et al., 1974) and uptake studies (Hess , 
19 72; Ledoux et al. , 1974). Such species have been used because of the 
ease with which the y may be manipulate d in a tissue culture environment , 
and little emph as i s has been p laced o n the ir suitability for cytogenetic 
work . It s hould be note d that, although Arabidopsis thalicma has a 
relatively low chromos ome numbe r , these chromosomes are very small and 
difficult to distinguish from one another morphologically. 
Th e us e of three composite species , which have only a few 
morphologically distinct chromosom - s make s cytogenetic investigation at 
the single chromosome l e vel possibl in the present study . 
In addition to th e analysis of the gross karyotypes in these species , 
and the ir derive d tissue cultures , chromosome banding t echniques have been 
inve stigat d . Th information gain d from the gross karyotype is 
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restricted to the description of ch romosome lengths , positions of 
centromeres (hence the arm ratio) , and the presence or absence of 
secondary constrictions. However , in recent years , the more sophis-
ticated cytogenetic techniques of chromosome banding have allowed 
detailed d escription of individual chromosomes . Following treatment 
of dividing cells with the various banding procedures , differential 
staining occurs along the l e ngth of the metaphase chromosomes. Such 
longitudinal patterns of darkly and lightly stained regions on the 
chromosomes are characteristic and reproducible , thus allowing easy and 
more accurate identification of particular chromosomes , or parts of 
chromosomes , in a me taphase spread (Hsu , 1973) . These banding techniques 
all r e ly on the use of Giemsa stain, which is composed of a mixture 
of me thy l e n e azure (which stain s chromatin) , eosin (which binds to azure 
incorporated chromatin) , glycerine , and methanol, and was originally 
devised by Gustav Giemsa in th e early 1900 ' s to detect malaria in blood 
preparations . There are five major banding procedures , Q-banding 
(Caspersson et aZ ., 1969 ) , C-banding (Arrighi and Hsu , 1971), G-banding 
(Seabright , 19 71) , R-banding (Outrillaux and Lejeune , 1971), and 
N-banding (Matsui and Sasaki, 19 73). The specific chemical reactions 
involved in these p rocesses are not e ntire ly clear , but it seems that 
both Q-bands a nd G-bands occur in A-T (adenine-thymine) rich are as of 
the DNA , wh er as R-bands are r e verse in nature to G-bands. C-bande d 
areas corr spond to s ites of constitutive heterochromatin , that is 
repetitive ON~ of any bas composition, and N-bands occur at sites of 
nucleolus organizer regions (NOR ' s) (see Hsu , 1979) . All these methods 
are routinely and successfully applied to animal cells . However , there 
h av e be n far f wcr r ports of the us e of these procedures with plants, 
partly b ecau se the t echniques us e d on anima l tissue often need modification s 
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for plant tissue. For example , it seems that G-bands have not been 
visualised in plants because of the high degree of contraction of 
plant chromatin during metaphase (Greilhuber, 1977). However, C-banding 
has now been reported in several plants (Schweizer, 1973; Gostev and 
Asker , 1979) , although there have been only two studies of C-banding in 
plant cell cultures (Papes et al ., 1978; Wochok et al ., 1980). 
Certainly , banding techniques have proved to be invaluable in 
studies of somatic cell genetics in animal populations (Hashmi et al .~ 
1974), and have, in many cultures , revealed a greater degree of chromo-
somal heterogeneity than was previously suspect ed (Tiepolo and Zuffardi, 
1973; Hashmi et al ., 1974). Similarly , the more accurate description 
of genome architecture provided by Giemsa banding procedures should 
become important in plant tissue culture. Chromosomal rearrangements, 
which are known to occur in cultured plant cell populations (Sacristan 
and Wendt-Gallitelli, 1973; Bayliss, 1980) may be readily detected, and 
banded chromosomes should provide cytogenetic markers, in the absence of 
well defined genetic loci. Although the development of well mapped 
genetic systems r e mains a prerequisite in many plant systems , a first 
step can be made with C-banding. It must be remembered that the regions 
delineated by C-banding techniques are rather crude, and may encode a 
few hundred genes . In this respect , polytene chromosomes can offer more 
refined cytogenetic markers , as has been demonstrated in the Diptera, 
but this naturally occurring banded effect in multistranded chromosomes 
has not yet been exploited in plant material , although polyteny occurs 
in the suspensor in some plant groups . 
Regular monitoring of the chromosomal constitution of th e dividing 
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cells in tissue culture lines of the three composite species has been 
carried out throughout the duration of this project. Such constant 
monitoring is important since it is known that not only does the 
karyotype often deviate from the normal diploid in cells in culture, 
but , also, there is commonly progressive evolution of the karyotype in 
the culture environment (Ford, 1964; Bayliss and Gould, 1974). Even 
when an apparently dominant, stable karyotype exists in a tissue 
culture , any slight a lterations in culture regime, such as using a cell 
dose lower than usual for innoculation, may promote directional change 
in the chromosomal make-up of the population (Kaziwara , 1954). 
Additionally, although in many cases one characteristic karyotype may 
occur in the majority of c e lls in a culture population, in many cultures 
several different karyotypes may co-exist . Such chromosomal heterogeneity 
may be a stable situation in itself, or, alternatively, may be an inter-
mediate state in the progressive evolution towards chromosomal homogeneity . 
Those populations of tissue culture cells having a single , stable , 
karyotype will be most useful for genetic modification experiments. For 
example, in populations of cells exhibiting heterogeneity of chromosome 
numbers per cell , it becomes difficult to analyse attempts at whole 
chromosome introduction into these populations. Alternatively, if a 
variety of different aneuploid karyotypes are represented in a population, 
certain of these heteroploid cells may mimic genetic changes through 
increased gene dosage of certain gene products, and may, then, be confused 
with real transformants in a gene introduction experiment . 
Information gained from regular monitoring of karyotype is also 
of interest as an investigation of the patterns of karyotype change which 
occur in cultures of three related species . Such studies in plant tissue 
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cultures have often been restricted and unreliable , due to the use 
of species with large numbers of small chromosomes, so that counting 
may be innaccurate , and any chromosomal aberrations may go undetected. 
The tedious nature of cytogenetic analysis in these species may be 
overcome by the use of cytophotometry to look at the spread of DNA 
contents in either c1 cells or G2 cells
 in a population. This technique, 
which was use d by Bayliss and Gould (1974), gives a measure of the 
p loidy l e ve l s in the population , but cannot yield more specific inform-
ation about the numbers of chromosomes present, the type of chromosomes 
retaine d in an aneuploid situation , or the degree of morphological 
change in th e chromosomes . Where species with low chromosome numbers 
have been used it has been poss ible to identify specific chromosomal 
rearrangements, and the preferential r e t e ntion of certain chromosomes 
in an aneuploid situation (Singh et al . , 19 72; Sacristan and Wendt-
Gallitelli, 19 73; Singh , 19 75). In general , the information obtained 
about chromosome changes in p lant tissue culture indicate that diploidy , 
pol yp loidy and aneuploidy all occur, as well - as extensive chromosomal 
abnormalities in certain tissue cultures (Sacristan , 1971) . In animal 
ce ll cultures a patt e rn of t e traploidisation , followe d by loss of 
chromosomes to produce a stable aneuploid karyotype is commonly observed 
(Levan and Biesele , 1958 ; Hsu , 1961) . The same pattern of karyotype 
evolution has been noted in both Haplopappus gracilis (Singh , 1975) , 
and Acer pseudoplatanus suspension c ultures (Bayliss and Gould , 1974) . 
Certainly , there is often strong se l ection in plant tissue cultures for 
one particular karyotype to become dominant in the population (Singh 
et al .~ 1972; Sacristan , 19 75) . Investigation of the karyotypic 
changes occurring in tiss ue cultures of three closely related species 
should serve to r e inforce or de ve lop previous ideas of karyotype evolution 
in plant tissue cultures. 
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Again, the use of banding techniques allows specific information 
about possib l e chromosomal rearrangements to b e obtained . Comparison 
of bande d chromosomes of tiss u e culture cells with the normal diploid 
banded karyotype of the whole plant may yield information about the 
possible derivation of any abnormal chromosomes . 
The tumorous culture of Crepis capillaris (CAPT) has been included 
in this chromosome study , and is of particular interest because numerical 
and structural variations in karyotype are particularly marked in tumorous 
animal cell populations (Ford , 1964) and have been shown to occur more 
commonly in tumour derived callus cultures of Crepis capillaris than in 
the normal cultures of the same species (Sacristan and Wendt-Gallitelli, 
1973) . These tumorous Crepis capillaris cultures showed marked hetero-
geneity of karyotype during the first year of culture, but , after a 
further three years , the majority of cells in such cultured populations 
had a single characteristic, though abnormal , karyotpye (Sacristan, 
1975) , indicating analogies with the stemline concept of animal tumours 
(Makino , 1957) . Any heterogeneity of chromosome types in an apparent 
stemline should be revealed by banding techniques . 
1 . 2 MATERIALS AND METHODS 
1 . 2 .1 Orccin Staining (for gross karyotype) 
Lactopropionic orcein ( 1% orcein in 1: 1 lactic acid :propionic acid) 
Live plant material , eith er from cell cultures or root tips, was 
stained directly on a microscope slide , and gently heated by passing 
through a bunsen flame several times . After a few minutes the stain was 
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replaced with 1: 1 lactopropionic acid and the cells were tapped and 
squashed under a cover slip ready for immediate observation under the 
microscope . For overnight storage coverslips were sealed with nail 
varnish to prevent dessication of the specimen . 
Acetic orcein (1% orcein in 45 % acetic acid) 
Material was treated in 0 . 1% colchicine for 3 h. to induce mitotic 
arrest and was always fixed in 3 : 1 ethanol:acetic acid for at least 
1 h . prior to staining in acetic orcein . The fixed cells were stained 
in a pool of orcein on a microscope slide for 15 min . Squash prepar-
ations were then made in 45 % acetic acid and observed under the micro-
scope . Pe rmanent preparations were made in Gurr ' s XAM neutra l mounting 
medium after removal of the cover slip on dry ice (Conger and Fairchild , 
1953). 
1. 2 . 2 C-banding 
Slide preparation :-
After metaphase arrest in 0 . 1% colchicine for 3 h . and overnight 
fixation in 3:1 ethanol : acetic acid at 4°C , culture d ce l ls or root tips 
were softened in 45 % acetic acid for 1 h . before being tapped out gently 
onto subbed microscope slide s and squashed under a coverslip . The cover-
slips were removed after freezing on dry ice and the slide was then 
washed in distilled water and left to dry for at least 24 h . 
Staining procedure : -
Slides were treated with 0 . 2N HCl for 20 min ( t h is s t ep was 
28 . 
sometimes omitted) , then washed in distilled water prior to incubation 
in a saturated barium hydroxide solution for 2 to 5 min . at 45°c. 
Immediately after removal from the barium hydroxide solution, slides 
were rinsed in 0 . 2N HCl followed by distilled water , and then left 
in 2 x SSC (0.3M NaCl and 0 . 03 M sodium citrate) for 60 min. at 65°C . 
After a final wash in distilled water the slides were stained in 10% 
Giemsa in phosphate buffer (pH 6 . 8) for 5 to 15 min. All slides were 
permanently mounted in Gurr ' s XAM neutral mountant. 
1.2.3 Ce ll Cultures 
The cell cultures us e d in this cytogenetic study are all described 
in the General Materials and Methods Section . 
1.3 RESULTS 
1 . 3 .1 Normal Diploid Karyotypes 
1.3.1 . 1 Crepis capiLLaris 
Th e diploid karyotype of C. capiLLaris consists of 3 pairs of 
chromosomes . 
(i) One pair of large (approximate ly 8 .5 µ at metaphase) 
submetacentric chromosomes t e rmed the L chromosomes . 
(ii) One pair of me dium sized (approximately 6 µ at metaphase) 
acrocentric chromosomes , satellited in the short arm , 
(iii) 
termed the SAT chromosomes . 
On e pair of small (app roxima t e ly 4 µ at metaphase) chromo-
somes termed the S chromosomes . 
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This karyotype is represented in an idiogram in Fig . l.la, along 
with a metaphase plate of a root tip of C. capillaris (after Sacristan). 
The terminology for the 3 chromosome types is after Sacristan (1971). 
1.3 . 1.2 Hap lopappus graci lis 
The diploid karyotype of H. gracilis consists of 2 pairs of 
chromosomes. 
(i) On e pair of large (approximat e ly 8 µ at metaphase) 
submetace ntric chromosomes, terme d the A chromosomes . 
(ii) One pair of smaller (approximately 6 µ at metaphase) 
acrocentric chromosomes , having a secondary constriction 
and a single satellite on the small arm, known as the 
B chromosomes . (Note that these are not B chromosomes in 
the classic sense , i. e . they are not supernurnary). 
When Jackson first described the karyotype of this species (1957) , 
this was the only p lant species known to have such a low chromosome 
number . The plan t material used in this project was all derived from 
a variety of H. gracilis which shows heteromorphism in the short arm 
of chromosome B , one chromosome having a double satellite , whilst its ' 
homologue r etains the single satellited short arm . This variety , first 
described by Jackson (1963 ) , i s represented diagrammatically in Fig . l . lb . 
An orcein preparation of a metaphase root tip cell , confirms the 
karyotypic characteristics of the idiogram (Fig . l.lb) . 
1.3 . 1.3 Brachycome dichromosomatica 
Plants of Brachycome dichromosomatica (formerly included in 
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B. lineariloba , Race A, see Carter , 1978) were collected , in the field , at 
Wild Dog Glen , South Australia , and two distinct karyotypic types were 
obtained . Both chromosomal types a r e included in Brachycome 
dichromosomatica var . dichromosomatica one being deme 2, and the other 
deme 4 (see Carter , 19 78 ). These chromosome complements , each consist 
o f 2 p airs of chromosomes and this l ow chromosome number for an 
Australian species was fir s t r eported , in 1968, by Smi th-White . The 
characteris ti cs of the chromosomes of the two demes are as follows: 
Deme 2 : 
(i) One pai r of large (approximately 8 µ at metaphase) 
subme tacentric chromosomes , termed chromosome I . 
(ii) On e pair of smaller ( app roximately 6 µ at metaphase) 
submetacentric chromosomes , satellited in the short 
arm , termed chromosome II . 
Deme 4: 
(i) On e pai r of large (approximate l y 8 µ at metaphase) 
submetacentric chromosomes , with a secondary constriction 
in the longe r arm , t e rme d chromosome I . 
(ii) One pair of smaller (approximately 6 µ at metaphase) 
submetacentri c chromosomes , satellited in the short 
arm , t e rme d chromosome II . 
Idiogr~ns of both karyotypes are shown in Fig . l.lc and d, along 
with examples of melaphase cells from root tip s of these p lants. 
FIG . 1 . 1 (a) The normal diploid karyotype of Crepis capillaris 
in the form of an idiogram , and as seen in a roo t tip me t aphase 
preparation (after Sacristan and Wendt- Galite l l i , 19 71) . 
(b) The normal diploid karyotype of Haplopappus 
gracilis in the form of an idiogr am , and as seen in an orcein 
stained metaphase cell of a root tip . 
(c) The normal diploid karyotype of Brachycome 
dichromosomatica var . dichromosomatica deme 2 , in the fo r m o f 
an idiogram and as seen in an orcein stained root tip me t aphase 
cell . 
(d) The diploid karyotype of Brachycome dichromosomatica 
var . dichromosomatica deme 4 , in the form of an i d i og r am , a n d as 
seen in a root tip mctaphase cell (after Watan abe et al ., 19 75 ) . 
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1 . 3 . 2 Karyotypic l\nalysis of Cell Cultures 
1 . 3 . 2 . 1 Crepi s capil laris 
CAP culture: -
The normal , diploid, 6 c hromosome karyotype was seen in this 
non- tumorous callus culture (Fig. 1 . 2a) . 
CAPT callus and suspension c e ll culture:-
The CAPT culture is a tumorous cell line of Crepis capillaris 
which was originally induce d with Agrobacterium tumefaciens (Sacristan 
and Melchers, 1970) . The culture was received from Sacris t an in the 
form of a diploid callus culture . After 3 years of culture 7- chromosome 
karyotypes had arisen in 25 % of the callus population and a few tetra-
plaid (i. e . 12 chromosome ) c e lls we re seen (Fig . 1.2b) . The suspension 
cell culture de rived from this callus had a ? - chromosome comp l ement in 
the majority of dividing c e lls afte r one year of culture (Fig . 1 . 2c) , 
and during a further year the 7 chromosome karyotype remained in almost 
100% of the dividing population (Fig . 1 . 2d, e). Fig. l . 2f shows the 
chromosome nwnb e rs in a culture which was sub-cultured every 7 days with a 
20 ml innoculum of cells rather than a 10 ml innoculum . It can be 
s e en that this culture al s o has a 7 chromosome complement in the majority 
of the dividing population . It should be noted , at this point , that 
monitoring of chromosome nwnber can only be achieved in the dividing 
population and this may not necessarily be representative of the whole 
population . It may be, for instance , that tetraploids traverse mitosis 
more slowly than diploids so that the fraction of tetraploids in the 
mitotic population is grater than in the population as a whole . However , 
Capt suspension 
(set-up 6/77) 
100 C CAPT SUS. 
80 27 / 6/ 77 
60 
40 
20 
100 a CAPT callus 0 
80 100 d CAPT SUS . 1/9/77 
60 80 1/9/77 
40 60 
2Q 40 
0 20 
V) 
(1) 0 
u CAPTsus. (10ml) 100 e ~ b CAPT callus 100 80 3/78 
80 3/ 78 60 
60 40 
40 20 
20 0 
0 100 f CAPT (20ml) SUS. 
2 4 6 8 10 12 14 80 3/78 
60 
40 
20 
0 
2 4 678 10 12 14 
Chromosome number 
FIG . 1 . 2 Frequency distribution of chromosome numbers observed in 
dividing ceils of (a) CAP callus (23 counts in Sept . 19 77); 
(b) Cl\PT callus (100 counts in March 1978) ; ( c) CAPT suspension 
(80 coW1ts on 27/6/77) ; (d) CAPT suspension (77 counts on 
1/t /1 "17) ; 7\P'J' suspension (100 counts in March 1978); 
(f) Cl\PT suspension , 20 ml innoculum (100 counts , March 1978) . 
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such discrepancies are unlikely t o be large , and monitoring of 
mitotic cells should give a good indication of chromosomal make-up 
of the population . 
During 18 months of regular monitoring of the CAPT culture, 
between September 1978 and March 1980 , no abnormalities of mitosis 
(e . g . laggard chromosomes , multipolar spindles, chromosome bridges) 
were observed and the 7 chromosome karyotype seen in almost 100% of 
metaphase cells during this time was consistent in its gross karyotype . 
This is illustrate d in Fig. 1 . 3 which shows the chromosome complement 
in several metaphase cells of the CAPT culture . Further analysis of 
this karyotype was made using the C- banding technique. Sandino effects 
seen on the chromosomes in Fig . 1 . 3 are not due to differential staining 
but rather t o overlaying of chromosomes on one another . 
C-banding - comparison of C capillaris root tip karyotype with 
CAPT genome . 
The application of the Giemsa C-banding technique to both root 
tips and the CAPT cultured cells gave r eproducible patterns of 
differential staining along the metaphase chromosomes. The full 
C-banded karyotype of a dividing root tip cell of Crepis capillaris is 
shown in Fig . 1 . 4a . With the exception of the secondary constriction 
and sat lli t e blocks of the SAT chromosome which are not dis t inguishab l e 
in all cells , this k aryotype was see n in all metaphase cells studied . 
Fig. 1 . 4b presents C-banded chromosomes , seen in 6 different cel l s . 
Although all 6 chromosomes of the diploid complement are n ot seen in 
each of these cells , only 3 chromosome types ( L , SAT , S ) are observed , 
with consistent patterns of C-banding . Mean chromosome l eng t hs (25 
FIG . 1.3 Three Feulgen stained metaphase cells (a , band c) of 
CAPT suspension culture , each showing the same 7 ch r omosome 
types . The darkened bands displayed on some of t he " c ut- o ut" 
chromosomes are the results of overlaying of the chromosomes 
in the metaphase preparations . 
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measurements for each chromosome type) , obtained by direct measurement 
under the microscope (Table 1.1) have allowed construction of the 
idiograms shown in this table. There are 20 C-positive blocks which 
are always present in the diploid complement and four others which are 
only seen in some cells, namely:-
(i) The centromeric block on each L chromosome . 
(ii) The telomeric block on each L chromosome. 
The mean total length of the genome at metaphase, is 36 . 98 µ (by 
addi tion of the individual chromosome lengths) , of which 11 . 02 µ is 
C-band positive and therefore asswned t o be heterochromatic in nature . 
Thus , the mean fraction of heterochromatin in the genome is 0 . 298 (see 
Table 1. 3) 
Although only a small number of complete C-banded metaphase plates 
of the CAPT culture were observed (due t o dispersion of the chromosomes 
during the tapping and squashing procedure) , · an exhaustive search of 
several C- banded preparations , which were produced over a period of six 
months , has revealed only seven chromosome types, with consistent 
patterns of C-banding . Fig. l.Sb shows such banded chromosomes from 
severa l cells, and 2 examp l es of complete banded metaphases are displayed 
in Fig . l. Sa . 
The mean 1 ngths of each of the ·7 chromosome types, obtained from 
25 individual measurements on each chromosome , are recorded in Table 1 . 2 , 
and measurement of the C-band regions of 10 chromosomes of each type 
has allowed construction of the idiograms in this table . There are 
26 C-positive blocks consistently visible in the CAPT genome , whilst 
FIG. 1 . 4 
tip . 
(a) Full C-banded karyotype of Crepis capillaris root 
(b) The chromosome sets (some incomplete metaphases ), 
numbered I VI are from 6 different C- banded metaphase cells 
of Crepis capillaris root tip , and can be classified into 3 
different chromosomal types , L , SAT ands . 
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TABLE 1.1 C- BANDED KARYOTYPE OF c. aapiLLaris ROOT TI P 
Sections l 2 3 
C'HROMOSOME L = 8 . 45µ ± 0 . 22 (mean of 25 measurements) 
Relative lengths of each 0.075 0.0365 0.0385 
section (means of 9 +0 . 006 :!:_0.0023 +0.0028 
chromosomes)±:. S.E .M. 
5 Actual lengths (µ) (taking 0 . 634 0.308 0 . 325 
mean length = 8. 45µ) :!:_0.05 :!:_0.019 :!:_0.023 
+ S.E . M. 
CHROMOSOME SAT = 6. 32µ + 0.22 (mean of 25 measurements) 
Relative lengths of each 0.094 
- 0.096 
section (means of 10 +o.0065 - +0.0094 
chromosomes):!:_ S.E.M. 
Actual lengths (µ) (taking 0.59 0.61 
mean length = 6. 3µ) +0.041 :!:_0 . 059 
10 + S.E .M . 
OIROMOSOME S = 3. 72~ + 0.09 (mean of 25 measurements) 
~ Relative l e ngths of each 0.202 0.145 0.129 section (means of 8 :!:_0.0066 :!:_0.012 +0.0075 chromosomes):!:_ S.E.M. Actual lengths (µ) (taking 0.75 0.541 0.478 mean l e ngth = 3. 72µ) +0.025 +0.044 :!:_0.028 
:!:_ S .E.M . 
4 5 6 7 
0.0674 0.783 
+0.0059 +0.0077 
0 . 569 6.616 
+0.05 +0.065 
0.12 0.13 0.17 0.072 
+0.0071 +0.083 +0.013 +0.004 
0.77 0.84 1.1 0.46 
+0.045 :!:_0.052 +0. 082 :!:_0 . 025 
0.158 0.116 0.161 
:!:_0 . 012 :!:_0 . 0075 +0.019 
0.586 0.433 0 . 6 
+0.045 +0.028 +0.069 
8 9 
0.047 0 . 061 
+0.0055 +0.0067 
0. 30 0. 39 
:!:_0.034 :!:_0.04 
10 
0.205 
:!:_0.019 
1.3 
+0 . 12 
Total C-band 
material 
0.113 
+0.0088 
0.959 
+0.073 
0.453 
+0.11 
2.89 
:!:_0.22 
0.447 
+0.022 
1.66 
+0.081 
FIG . 1 . 5 (a) Two examples of the full C- banded kar yotype in 
the CAPT culture . 
(b) The chromosome sets (some incomple t e me t aph a s es ) 
numbered I+IX are from 9 different C- banded metaphase ce lls 
of the CAPT culture , and can be classified into 7 d i fferent 
chromosomal types . 
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TABLE 1. 2 
-
C-BANDED KARYOTYPE OF CAPT 
Sections 1 2 3 4 5 6 7 8 9 10 Total C-band 
material 
OIROMOSOME 1 = 8.01µ ± 0.2 (mean of 25 measurements) 
Relative lengths of each 0 . 123 0 . 055 0 . 09 0 . 11 0.033 0.054 0.062 0.045 0.429 0.281 
section (means of 10 +0 . 01 .:!:_0 . 0034 +0.0077 +0 . 005 +0'.008 +0 . 0035 .:!:_0 . 0035 +0.0091 +0 . 0084 +0.015 
8 
chromosomes).:!:_ S.E.M . 
Actual l e ngths ( µ) 0.99 0.44 o. 72 0 . 88 0.26 0 . 43 0.5 0. 36 3.44 2.25 
(taking mean length= +0.08 .:!:_0.027 +0.062 +0.04 +O .064 +0.028 .:!:_0 . 028 +0.073 +0 . 067 +0.12 
8.01µ) .:!:_ S . E .M. 
I 
OIROMOSOME 2 = 7. 74µ ± 0 . 19 (me an of 25 measurements) 
Relative lengths of each 0.037 0.037 0.011 0.072 0.038 0.053 0 . 069 0 . 085 0 . 546 0.057 0.288 
section (means of 10 .:!:_0 . 0089 .:!:_0.0066 +0 . 0011 .:!:_0.0067 .:!:_0.0027 +0.002 .:!:_0.0035 +0.005 .:!:_0.013 .:!:_0.0038 +0.023 
chrcxnosomes) .:!:_ S.E.M. 
Actual l engths (µ) 0.29 0 . 29 0 . 09 0 . 54 0 . 29 0 . 41 0 . 53 0 . 66 4.23 0.44 2.21 
(taking mean length= .:!:_0.069 .:!:_0 . 051 +0 . 087 +0.052 +0.021 +0.015 .:!:_0.027 +0.039 .:!:_0.1 .:!:_0.029 +0.17 
7 . 74µ) .:!:_ S.E.M. 
OIROMOSOME 3 = 6 . 53µ ± 0.17 (me an of 25 measurements) 
Relative lengths of each 0 . 11 0.129 0.114 0.12 0.238 0 . 079 0.148 0.068 0.396 
section (means of 10 .:!:_0.0065 +0 . 0063 +0 . 008 +0.006 .:!:_0 . 01 +0 . 0032 .:!:_0.0077 +0.0034 +0.019 
chromosomes).:!:_ S .E . M. 
Actual lengths (µ ) o. 72 0.85 0.75 0 . 79 1.56 0.52 0.97 0.45 2.61 
7 (taking mean length = .:!:_0.043 .:!:_0.041 .:!:_0.052 .:!:_0.039 +0.066 +0.021 .:!:_0.051 +0.022 .:!:_0.12 
6.56µ) .:!:_ S . E.M. 
i 
CHROMOSOME 4 = 5. 73 µ ± 0 .15 (mean of 25 '!'easurements) 
Relative lengths of each 0.26 0.11 0.089 0.067 0.08 0 . 012 0.14 0.25 0 .397 
section (means of 10 +0.0094 +0.0046 .:!:_0.0033 .:!:_0 . 0035 .:!:_0.0041 +0.0063 .:!:_0.025 +0.074 
chromosomes).:!:_ S . E.M. 
Actual lengths (µ) 1.45 0.61 0.51 0.38 o. 46 0 . 071 0.83 1. 43 2.28 
(taking mean length~ +0 . 054 .:!:_0.026 .:!:_0.019 +0 . 02 .:!:_0.023 .:!:_0.036 .:!:_0.14 +0.042 
5. 73µ) .:!:_ S.E.M. 
continued 
TABLE l. 2 - continued 
Sections 1 2 3 4 5 6 7 8 9 10 Tota 1 C-band 
materia l 
OfROMOSOME 5 = 4.23µ ± 0.08 (mean of 25 measurements) 
~ Relative legnths of each 0 . 16 0 . 12 0.10 0 . 12 0 . 20 0.29 0.58 section (means of 10 :!:_0.0092 :!:_0.0057 :!:_0.0098 +0 . 0065 +0.011 +0 . 015 :!:_0.037 chromosomes)+ S . E. M. Actual l e ngths (µ) 0.67 0.52 0.44 0.51 0.85 1.24 2.47 ( taking mean length = +0.04 :!:_0.024 +0 . 041 +0.028 +0.048 +0.062 +0.16 
4.23µ) :!:_ S.E.M. 
OfROMOSOME 6 = 4 . 28µ ± 0.11 (mean of 25 measurements ) 
~ Relative lengths of each 0 . 16 0 . 14 0.16 0.18 0.098 0.27 0.418 section (means of 10 +0.009 :!:_0.013 +0 . 012 +0.0067 :!:_0. 0045 +0.012 +0.026 chromosomes):!:_ S.E.M. Actual lengths (µ) 0.68 0.6 0.67 0.78 0.42 1.14 1.77 (taking mean length= +0.038 :!:_0.055 +0 . 051 +0.029 +0.019 +0.057 +0.11 
4.28µ) :!:_ S.E.M. 
OfROMOSOME 7 = 2. 72µ ± 0 .08 (mean of 25 measurements) 
Relative lenghts of each 0.27 0.20 0. 30 0.23 0.57 
~ section (means of 10 :!:_0.0092 +0.011 :!:_0.015 +0 . 013 +0.024 chromosomes) :!:_ S.E.M. Actual lengths (µ) 0.73 0.55 0.81 0.63 1. 54 (taking mean length = :!:_0.025 +0.03 +0.41 +0.035 :!:_0.066 
2. 72µ) + S.E.M. 
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the centromeric block on chromosome 2 is not always seen. 
By addition of the individual chromosome lengths , the mean 
total length of the CAPT genome has been calculated to be 39.24 µ 
which is slightly greater than that of the normal root tip karyotype 
(36 . 98 µ) . Additionally , the mean DNA content of the 100 G1 cells of 
the CAPT culture (1827 + 28 . 5 arbitrary units) , as measured by Feulgen 
microspectrophotometry , is considerably greater (1 . 3 times) than the 
mean DNA content of 100 G1 
cells of the root tip (1416 ::!:_ 19 . 2 arbitrary 
units) , (see Table 1.3) . Thus, the cultured aneuploid ce l ls not only 
have a hyperdiploid chromosome number , but also have much more DNA 
than the normal 6 - chromosome diploid karyotype . Since the total DNA 
content of the CAPT cells is considerably increased , whereas the total 
chromatin l ength is very close to the root tip cells , it follows that 
in the cultured cells there must be significantly more DNA packed into 
each unit length of chromatin. From Table 1 . 3 it can be seen that the 
mean DNA conte nt per micron of the CAPT genome is 46 . 6 arbitrary units , 
as compared with 38 . 3 arbitrary units for the root tip . Whether the 
DNA is in general more tight ly packed in the CAPT genome , or whether there 
is simply a greater proportion of heterochromatin (which contains DNA in 
a tightly packed form) than in the root tip cells is not clear from this 
data alone . 
The mean fraction of C-band material (heterochror.iatin) per CAPT 
genome is 0 . 386 , which is 1 . 3 times greater than in the root tip. It 
was previously noted that the DNA content of the CAPT genome is also 
1. 3 times greater than in the root tip . Thus , it seems t h at this "extra" 
DNA in CAPT cells is entirely heterochromatic , and is concentrated into 
the C-band regions of the genome . 
, TABLE l. 3 SUMMARY OF C-BANDING ON c. capiZZa.ris ROOT TIP AND CAPT CULTURE . 
CHROMOSOME TYPE 
Mean chromosome length 
(µ) (25 measurements of 
each) + S.E.M. 
Mean total genome length 
Mean C-band length (µ) 
per chromosome (8 to 10 
chromosomes of each 
+ S.E.M. 
Mean C-band length (µ) 
per genome+ S.E.M . 
Mean fraction C-band 
material per genome 
Mean Gl DNA content 
(100 measurements) 
+ S.E.M. 
Number of C-bands per 
genome 
Mean DNA content per 
micron of chromatin 
Root Ti£ 
L SAT s 
8.45+0.22 6.32+0.16 3.72+0.09 
36.98+0.47 
0.96+0.073 2.89+0.22 1.66+0.ll 
11.02+0.40 
0.298 
1416+19.2 
20 + 4 variable 
38.3 
Culture 
1 2 3 4 5 6 7 
8.01+0.2 7.74+0.19 6.53+0.17 5.73+0.15 4.23+0.08 4.28+0.ll 2 . 72+0.08 
39.24+0.98 
2.25+0.12 2.21+0.17 2.61+0.14 2 .28+0.21 2.47+0.16 1.77+0.ll 1.54+0.07 
15.13+0. 98 
0 .386 
1827+28.5 
26 + 1 variable 
46.6 
FIG . 1.6 
cell . 
(a) C- banded metaphase of a Crepis capillaris root tip 
(b) Idiogram of the C- banded karyotype of Crepis 
capillaris root tip. Below the idiogram representative examples 
of each chromosome type are shown , along with mean lengths , in 
microns, of 8 to 10 chromosomes of each type . 
line . 
(c) C-banded metaphase of a CAPT cell . 
(d) Idiogram of the C-banded karyotype of the CAPT cell 
Below the idiogram , representative examples of each 
chromosome type are shown along with mean lengths , in microns , 
of 10 chromosomes of each type . 
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Fig . 1 . 6 is a composite diagram , summarising the characteristics 
of the C-banded root tip karyotype as compared with the CAPT chromosome 
complement . Table 1.3 contains the quantitative data obtained from this 
comparative analysis . 
It should also be noted that there is a greater proportion of 
metacentric type chromosomes in the CAPT genome (5 out of 7 chromosomes) 
as compared with the normal diploid (4 out of 6 chromosomes) . 
1.3 . 2 . 2 Haplopappus gracilis 
HA-1 :-
This cell suspension culture was originally set up from a diploid 
callus culture (derived from a culture initiated by Erikson in 1967). 
The culture was maintained in this laboratory , prior to the start of 
this project , with regular 4-day transfers, for a period of 14 months . 
After 2 months of culture, some tetraploid cells had arisen , representing 
approximately 30 % of the population (Fig . 1.7a), and , after a further 3 
months , 85 % of the population had a 6 chromosome aneuploid karyotype 
(Fig. 1 . 7b). In June 1977 the present author began transferring this 
culture at 7 day intervals , and 3 months later the cells predominantly 
retained a 6 chromosome karyotype , although 10% of the population had 
12 chromosomes per cell , and there were a few cells with 8 or 11 
chromosomes (Fig . 1 . 7c) . Seven months later, in April 1978, although 
57% of the population had 6 chromosomes per cell , a considerable 
proportion (12 %) now had a 7 chromosome karyotype and 12% of the cell 
population had 12 chromosomes per cel l (Fig . 1.7d). By April 1980, 2 
years later , the 6 chromosome karyotype had been lost from the culture , 
HA -1 suspen sion 
4-DA Y TRANSFER 7 -DAY TRANSFER 
(set-up 14/ 4/ 76) (regime begun 14 / 6/ 77) 
100 
a . 
80 C 22 / 6/ 76 1 / 9 / 77 
60 
40 
20 
0 
V) 100 
Q) d V) 80 0 14/ 4/ 78 
_c 
Q_ 60 
D 
-Q) 13 / 9/ 76 40 E 
20 
~ 
0 
100 
e 80 21 / 4/ 80 
2 4 6 8 10 12 14 
t t 60 40 DIPLOID TETRAPLOID 
20 
0 
2 4 6 8 10 12 14 
t t 
DIPLOID TETRAPLOID 
Chromosome number 
FIG. 1 . 7 Frequency distribution of chromosome numbers observed in 
dividing ce lls of the HA-1 suspension cell culture (a) 4- day transfer 
regime , 38 counts on 22/6/76; (b) 4-day transfer regime , 117 counts 
on 13/9/76; (c) 7-day transfer regime , 29 counts on 1/9/1977; 
(d) 7-day transfer regim , 49 counts on 14/4/78 ; (e) 7- day transfer 
regime , 89 counts on 21/4/80 . 
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and an 8 chromosome karyotype represented the major chromosome complement 
in the dividing population (75 %) , with the remaining cells having a 7 
chromosome aneuploid karyotype (Fig . l.7e). 
The chromosomal make-up of the 7 and 8 chromosome cells represented 
in the culture in April 1980 (Fig . l.7e) were studied in more detail . 
Observations on gross morphology of the chromosomes of several cells 
revealed that the 8 chromosome karyotype is not a normal tetraploid 
complement , but appears to be composed of the same 8 derived chromosome 
types in all cells with this chromosome number . Fig . 1 . 8 shows 4 such 
cells . Chromosomes 1 , 2 , 3 , and 4 of these sets , which are submetacentric , 
appea r to be derive d from the A chromosome of the normal H. gracilis 
comp l ement (see Fig . l . lb), although both chromosomes 3 and 4 seem to 
be considerably shorter than chromosome A. On the other hand , chromosomes 
5, 6, 7 and 8 of the 8 chromosome sets, which are all acrocentric , more 
close ly resemble chromosome B of the normal diploid karyotype of H. 
graci li , Chromosomes 7 a nd 8 have sate llited short a.rms (see sets I 
and II of Fig . 1 . 8), with chromosome 7 possibly showing the double 
satellite of the normal B chromosome (see set II of Fig . 1. 8) . Chromosome 
7 has an extended long arm as compared with the no.rmal B chromosome , 
whereas chromosomes 5 and 6 seem to have an extended short arm . 
Three examp les of 7 chromosom complements are shown in Fig . 1 . 9 . 
From these examp l es a lone the consistency of the karyotype in all cells 
having 7 chromosomes is uncertain . In fact there seem to be some 
discrepancies of gross morphology in the chromosomes of the 3 illustrated 
examples e . g. cell I has 3 large chromosomes and 4 small chromosomes , 
whereas cell III has 4 (maybe 5 ) large chromosomes and 3 (or 2 ) smal l 
FIG . 1 . 8 I +IV show metaphase p lates for 4 different cells 
the HA- 1 culture , all having the same 8 chromosome types , 
indicated on the right-hand side of the figure . 
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FIG . 1 . 9 r~rrr show metaphase plates of 3 cells of the HA- 1 
culture , all having 7 chromosomes . The individual chromosomes 
show differences in gross morphology , as seen on the right-hand 
side of the figur e . 
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chromosomes . Chromosomes 1 , 2 , 3 (and 4 in sets II and III) more 
close l y resemble chromosome A of the diploid H. gracilis complement 
(see Fig . l . lb) . Chromosomes 6 and 7 of all 3 sets appear to be 
derived from the B chromosome , and the double satellite seems to have 
been retained on chromosome 6 of sets I and III , whilst a single 
satellite is seen on chromosome 7 of these sets. 
C-banding 
Giemsa C-banding has been attempted on this culture , to try and 
describe the 7 and 8 chromosome complements more fully . Comparison is 
made with the normal diploid root tip complement of H. grocilis . 
Normal diploid :-
C-banded anaphase (Fig. 1.10a and b) and metaphase (Fig . 1.10c) 
complements of H. gracilis root tip show some consistent patterns of 
differential staining along the chromosomes . · On chromosome A, 2 
interstitial bands are observed , on the shorter arm , in all 3 metaphase 
cells in Fig . 1.10c . Other interstitial bands are seen , but are not 
consistently observed in all cells . Dark C-banded blocks are always 
seen on the short arm of chromosome B (Fig. 1 . 10 a+ c). There may also 
be a band close to the centromere on the longer arm of this chromosome . 
Hcteromorphism of the short arm of chromosome B may occur but is not 
obvious in th sc preparations . The C-band patterns described are 
similar to those observed by Tanaka and Taniguchi (1975) in this species . 
Further attempts to C-band this species should produce more clearly 
defin d patterns of differential staining , as with Cr>epis capillaris . 
FIG . 1 . 10 (a) and (b) show C- banded anaphase preparatio n s from 
HapLopappus graciLis root tip . 
( c) I-+ III show C- banded chromosomes from 3 d i f f e r e nt 
cells of II. graciLis root tip . Set III is incomp l ete . 
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HA-1 culture : -
Four C-banded preparations of HA-1 suspension culture ce lls are 
presented in Fig . 1 . 11 . Cells I , II and III have the 8 chromosome 
comp lement , as described in unbanded preparations (see Fig . 1.8) . The 
chromosomes in cell IV are also assumed to be from an 8 chromosome set . 
This C- banding t echnique was not very successful on these cultured cells , 
mainly because the chromosomes were difficult to remove from the cells , 
and r emained within the cell wall . Where the chromosomes were stained 
outside of the cell , as in IV of Fig . 1 .11, the banding seems to be 
more clearly defined , particularly the blocks on chromosome 5 . However , 
some bands were clearly seen in all cells , n ame ly:-
(i) 
(ii ) 
(iii) 
The dark band on the short arm of chromosome 8 . 
The dark band on the short arm of chromosome 7 . 
The band , close t o the centromere , on the shorter arm 
of chromosome 5 . 
Other bands , which appear in some cells include: -
(i) A centromeric band on chromosome 1 . 
(ii) A band , close to the centromere , on the shorter arm of 
(iii ) 
chromosome 4 . 
A band , c lose to the c ntromere , on the shorter arm of 
chromosome 3 . 
(iv) A telom ric b l ock on the longer arm of chromosome 5 . 
No good C-bande d 7-chromosome complements were obtai ned . 
FIG . 1 . 11 Four C- banded metaphase plates of the HA- 1 culture . 
Cells I~II have the 8 chromosome set , and cell IV s eems to 
be part of such a set . Chromosomes seem to fall into 8 
characteristic types. 
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HA-3 suspension cell culture : -
This culture was initiated in February 1977 from the HA-new 
callus (see Table 0 . 1) , which was predominantly tetraploid . After 4 
months of culture a s tudy of chromosome nwnber in the population revealed 
that although the dividing cel ls predominantly retained an 8 chromosome 
comp l ement , 18% of the dividing cell population had either a 7 chromosome 
or 6 chromosome se t (see Fig. 1.12) . Examp les of all 3 karyotypes are 
shown in Fig . 1 . 13 . It can be seen that the 8 chromosome karyotype is 
no t a normal tetraploid complement, which would be composed of 4 large 
submetacentric chromosomes (the A ch r omosome) and 4 small , satellited , 
acrocentri c chromosomes (the B chromosome) , but , rather , consists of 
5 larger chromosomes and on l y 3 smal l er , sate llite d chromosomes (Fig . 
1.13a). The ' extra ' large ch r omosome may have arise n by an unequal 
translocation between an A chromosome (presumab ly chromosome 5 of the 
derived set ) and a B chromosome (presumably chromosome 6 of the derived 
set). The 7 chromosome comp l ement (Fig . 1 . 13b) consists of 5 larger 
subme t acentri c chromosomes and on l y 2 small , acrocentric satellited 
chromosomes . The heteromorphism of the short satellited arms is clearly 
observed , whilst this was not so obvious in the 8 chromosome set. The 
6 chromosome karyotype is composed of 4 large r , and 2 smaller chromosomes 
(Fig . 1.13c) . 
Many abnormalities of mitosis were observed in this culture , at 
this time , including chromosome bridges, lagging chromosomes at anaphase , 
and micronuclei (Fi g . 1 . 14) . 
V) 
(1) 
V) 
0 
...c 
a. 
0 
...... 
(1) 
E 
~ 
HA-3 
100 15/6/77 
80 
60 
40 
20 
0 
4 6 8 10 
t t 
DIPLOID TETRAPLOID 
chromosome _ number 
FIG. 1 . 12 Frequency distribution of chromosome numbers observed i n 
40 dividing ce l ls of the HA- 3 suspension cell c ulture on 15/6/77 . 
FIG . 1 . 13 
Orcein stained preparations of metaphase cells of the 
HA- 3 culture , showing (a) 8 chromosome set , (b ) 7 chromosome 
set , (c) 6 chromosome set . Th e poss ible pathway of 
chromosome reduction is indicated . 
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FIG . 1 . 14 Abnormalities of division in the HA- 3 culture . 
(a) chromosome bridge , (b) lagging chromosomes at anaphase , 
(c) micronuclei . 
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1.3 . 2.3 BPachycome dichPomosomatica 
Lin 31 and Lin 113 
Chromosomal monitoring of these cell suspension cultures was 
perfonned by A. R. Gould . Whilst the cultures initially remained diploid 
for 2 years , a few tetraploids were seen after this time. Aneuploid 
karyotypes , comprising 7 and 5 chromosomes have now arisen in the 
population . 
Following the introduction of banding t echniques by the present 
author, some attempts have been made , by Gould , to C- band Bpachycome 
dich Pomosomatica. Fig . 1.15 shows the banded complement in the root 
tip of a plant produced in a cross between plants raised from seed 
collected from the field in 1977. Each chromosome of the diploid comple-
ment can be ide ntifie d due to heteromorphic satellites on the small 
chromosomes and presence or absence of a large C-positive block on the 
l a rge chromosome . In line with the present ·authors' study , Gould has 
initiated tissue culture s from this plant for chromosome instability 
studies . 
1.4 DISCUSSION 
1 . 4.1 CPepi capillans 
Whilst the original CAPT callus was predominantly diploid , the 
suspension c e ll culture de rived from this callus gained a hyperdiploid 
karyotype , consisting of 7 chromosomes , after just 1 year of culturing 
with r egular 7 day transfers (Fig. 1 . 2) . Prior to the complete dominance , 
in the suspension cell culture , of a 7 chromosome complement , some tetra-
FIG . 1.15 C-banded complement of the root tip of a plant produced by 
a cross of 2 plants of Brachycome dichromosomatica . 
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ploidy was observed , indicating that chromosome doubling may have been 
a first step in karyotypic evo lution of this cell culture . 
C-banding analysis of the normal, diploid, root tip of Crepis 
capillaris , and of the CAPT culture, has allowed comparison of the 2 
cel l populations , and exploration of possible mechanisms for the 
derivation of the CAPT genome from the original diploid . 
In this report, the patterns of C- banding along metaphase chromo-
somes of Crepis capillaris root tip are more clearly defined than in 
the two previous studies of this species (Schweizer , 1973; Tanaka and 
Komats u , 19 77). Additionally , both prior attempts failed to reveal 
as many C- banded regions as presently shown , although those bands which 
were reported by Tanaka and Komatsu have all been s een in the p resent 
study . 
C-banding in the CAPT culture has revea l e d that the dominant , 7 
chromosome comp l ement of this culture is the same in all dividing cells. 
Such dominance of a particular karyotype commonly occurs in plant cell 
cultures (Bayliss and Gould , 1974; Singh , 19 75) , p r es umably because 
cells containing a specific chromosome complement are better suite d 
to s urvival in the specialised environment of a tissue culture system. 
In the case of this CAPT culture , the cell cycle in th e dividing popu-
lation is extreme ly short in duration , and the G1 phase is virtually 
non-existent (Ashmore and Gould, 1979 ; see also 2nd chapter of this 
thes i s ) . Thus , cells with the 7 chromosome complement observed in this 
cell line , may have dominated because of the ir capacity for such rapid 
cell cycle traverse . Certainly , it is known that changes in chromosome 
con s ti tution can cause a lterations in cell cycle timing (Krun e and 
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Wolf , 1977) . The proportion of h e terochromatin in the chromosome 
complement may also affect cell division rate (Barlow , 1973) , so that 
the increased heterochromatin content of the CAPT cells may have 
affected the ability for survival in a cell population initially 
containing mixed karyotypes . 
Recently , the r e has been some doubt expressed about the stem cell 
concept of animal tumours (Hashmi et al., 1974), since, in the original 
studies , the most reliable criterion of the stem cell was chromosome 
number. In the case of the CAPT culture , however , careful observation 
has revealed a single C-banded karyotype , but further investigation 
would be necessary to r evea l whether this apparent adherence to the stem 
line concept in the CAPT culture is a common characteristics of all plant 
tumours. 
The hyperdiploid , 7 chromosome karyotype of the CAPT cell line 
deviates considerably from the normal diploid complement of Crepis 
capillaris (see Fig . 1 . 6 ) . Bayliss (1980) , has recently reviewed the 
avai lable literature on chromosomal instability in plant tissue 
cultures . He comments that in near ly all of the 55 different plant 
species studied there is a deviation from the conventional karyotype 
of the cells of the intact plant . The abnormal karyotype observed in 
the Cl\PT culture is therefore con sistent with these findings . A compar-
ison of the Cl\PT chromosome complement with that of the normal diploid 
karyotype indicates that not only is there an extra chromosome present 
in th e CAPT genome , but, additionally , all chromosomes differ in length 
from the original root tip c hromosomes and have strikingly different 
C-band patterns , suggesting that numerous structural chromosomal 
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rearrangements have occurred during the fonnation of the CAPT chromosome 
complement . Although chromosomal r e arrangements are certainly observed 
in some plant tissue cultures (Bayli ss , 1980), and, particularly , in 
Crepis capillaris cell lines (Sacristan and Wendt-Gallitelli, 1973), 
such extensive rearrangements have not previously been indicated . It 
may be that such major chromosomal change is associated with the tumorous 
nature of the CAPT cell line , and that the integration of the Ti plasmid 
into the plant genome may possibly affect chromosomal stability . 
Alternatively , a similar degree of structural change may , in fact, also 
occur in other plant cell lines , but has not been revealed by previous 
studies , since banding techniques have not been used. 
From a comparison of the C-band patterns of the CAPT genome with that 
of the root tip, it is possible to make certain suggestions about the 
derivation of the CAPT genome . Proposed schemes for the complete 
derivation of chromosomes 7 , 6 and 4 are as follows:-
(i) Chromosome 7 i s most likely derived from the SAT chromosome 
as represented diagrammatically in Fig . 1 . 16 a. This involves 
breakage o f the SAT chromosome between the centromere and the 
C-positive satellite blocks , i. e . at the secondary constriction. 
Although no short a nn is visible on chromosome 7, this may in 
fact be present , but difficult to detect , since the DNA at the 
site of a secondary constriction is highly despiralized . A 
conside rable deletion of the long arm of chromosome SAT must 
also have occurred . 
(ii) Chromosome 6 also appears to be derived from the SAT chromosome 
by a similar mechanism (see Fig . 1 . 16 b) . However , in this 
case , there must be smaller deletion of the long ann of SAT . 
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derivation of chromosome 7 of the CAPT 
of the root tip . 
derivation of chromosome 6 of the CAPT 
of the root tip. 
derivation of chromosome 3 of the CAPT 
genom , involving all 3 chromosome types (L , SAT and S) of the root tip . 
(iii) 
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The slightly shorter arm of chromosome 3 of the CAPT genome 
may have been derived from the long arm of the SAT chromosome. 
Again, this would involve breakage at the secondary constriction, 
together with a deletion in the long arm. The longer arm of 
chromosome 3 may have arisen from chromosomes Land S, of the 
root tip complement, as set out in Fig. 1.16 c. 
The site of the secondary constriction on the SAT chromosomes, where 
the nucleolus organizer region (NOR) is located, is a common breakage 
point in all three proposals . Such breakage at the NOR commonly occurs 
in othe r systems (John and Lewis , 1968). Studies by Sokolov et al . (1974) 
on colchicine induce d multinucleate cells of Crepis capillaris plants 
indicated that micronuclei are only capable of replication, and, hence, 
survival , if the NOR containing chromosome (SAT) is present. Thus, if 
the break at the secondary constriction of the SAT chromosome in these 
proposed schemes is at the junction of the NOR with the chromosome arm, 
so that the NOR is lost as a n acentric fragment, then it would have to 
be assumed that alternative NOR sites may have arisen . These could 
originate , de nova , through amplification of a dormant site . If, on 
the other hand, the breaks occur within t he NOR itself, then the 
fractured NOR may still r emai n functional due to the repetitive nature 
of ribosomal DNA . Amplification of the sequences which remain is also 
poss ible . The application of t echniques which cytologically stain NOR 
regions would obviously be of value to examine these possibilities . 
It is also possib l e to propose explanations concerning the origin 
of parts of the other four chromosomes of the CAPT genome . The long 
arm of chromosome 2 has most lik e ly originated from the long arm of 
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chromosome L , since both the telomeric and centromeric C-blocks of 
that chromosome are present. The spacing of the double C-band blocks 
on chromosomes 1 and 2 of the CAPT genome suggest that these may 
originate from the long arm of the SAT chromosome. Similar blocks 
also appear on chromosomes 4 and 5, with increased material in the 
lower block . It is also possible that these double blocks of C-positive 
material have arisen through differential replication of other regions 
of the genome e . g . the long arm of chromosome S . 
Since more than two copies of chromosome SAT are implicated in the 
origin of the CAPT genome , there would have to be an initial evolution 
in the CAPT culture to a hyperdiploid karyotype , presumably to 
tetraploidy in the first instance. Po l yploidisation certainly occurs 
in other plant cell cultures (Bayliss, 1980) , and has also been reported 
in Crepis capillaris tissue cultures by many authors (Bayliss , 1980) . 
It is worth noting that polyploidy must arise ~n vitro in this species, 
since no polysomy has ever been observed in the whole plant (Brossard, 
1978). To obtain the abnormal aneuploid CAPT karyotype from the normal 
tetraploid complement , chromosomal loss , combined with rearrangements , 
must occur . 
Aneuploidy may arise in tissue cultures by errors of division in 
polyploid cells . The large , vacuolated nature of p lant cells in culture 
may be a cause of difficulties in the division process . Mitotic 
abnormalities (including lagging chromosomes at anaphase , chromosome 
bridges , multipolar spindles ), are observed in plant tissue cultures 
(Bayliss , 1973) , and it is believed that such abnormalities are more 
readily tolerated by polyploid cells , since loss of chromatin l eads to 
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less genie imbalance than loss from a diploid cell . I n Crepis 
capillaris , Sidorov and Sokolov (1963) , have shown the appearance of 
up t o 25 % aneuploidy in plants following the induction of tetraploidy 
by colchicine tre atment. Sac ristan (1971) , also observed progressive 
loss of chromosomes from a tetraploid clone of Crepis capillaris callus 
cells , to produce a hyperdiploid karyotype . 
Chromosomal rearrangements are also known to occur more readily in 
polyploidised ce lls in culture than in diploid cells in both plant 
(Sacristan , 1971) and animal systems (Hsu , 1961 ; Halfer et al ., 1980) . 
All types of known chromosomal change (deletions, inversions , d uplications , 
translocations) are detectable in polyploid Drosophila ce l l l ines (Do l f ini 
and Halfe r , 1978) . Chromosomal change by translocation has previously 
been observed in Crepis capillaris (Sacristan and Wendt- Gallitelli , 
1973) , and both translocations and inversions have been found in C- banded 
ce lls of Vicia faba callus (Papes et al ., 1978) . It is worth noting 
than an increase in h e t rochromatin content has been found to follow 
chromosomal rearrangement in cell cultures (Halfer et al. , 1980) , and 
such an increase is also known from s tudies in natural populations e . g. 
in some Australian frog species of the genus Litoria, in which King 
( 1980) has proposed that "extra" heterochromatin has arisen both by 
amplification and by euchromatin transformation . 
Thus , the propose d scheme for karyotype evolution, of tetraploid-
isation followed by segregation and r earrangement , has subs t antial 
support from similar studies in both plant and animal populations . Such 
a schem was proposed by Bayliss and Gould (19 74 ) to explain the origin 
of aneuploidy in Acer pseudoplatanus suspension cell cul t ures , a nd is 
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also a common pathway of karyotype evolution in both normal and 
tumorous animal cells in culture (Levan and Biesele , 1958; Hsu , 1961; 
Terzi and Hawkins , 1975), and in Drosophila cell lines (Dolfin i and 
Hal fer , 1978) . 
By one simple change it i s possible , on the other hand, to produce 
a 6 chromosome karyotype from the 7 chromosome karyotype observed in 
CAPT cells. This change involves fusion , at the centromeres , of 
chromosomes 6 and 7 of the CAPT genome . It can be observed that there 
a r e similarities in C-banded blocks between chromosomes 1 and 2 , and 
chromosomes 4 and 5 of the CAPT genome . Additionally , chromosomes 3, 6 
and 7 have similarities , having all probab ly originated from the SAT 
chromosome of the who l e plant . It is possible, then, to arrange the 
7 CAPT chromosomes into a 6 chromosome set of 3 chromosome ' pairs ', 
chromosome 3 being paired with 6 and 7 combined (see Fig. 1 . 17 b) . 
It is possible to suggest mechanisms by which the 6 chromosome 
' pairs ' depicted in Fig. 1 .17b have ori ginated from the basic diploid 
Crepis capillaris complement , as follows:-
(i) Chromosome 3 and chromsome 6/7 combined may have derived 
from the SAT chromosome by the mechanism set out in Fig . 1 . 18a. 
This involves a pericentri c inversion and despiralization of 
the secondary constriction. Loss of the procentric C- band 
block , pl us a paracentri c inversion in the long arm gives 
c hromosome 3 . Absence of such a procentric C-band block occurs 
in the neo Y of Stenacatantops augustifrons , a species of 
Acridoid grasshopper , compared to its presence in the homologous 
arm of the n eo X (King and John , 1980) . To produce chromosome 
6/7 some amplification of unbanded material must occur . 
FIG . 1.17 
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3 6/7 
Idiogram of the C- banded karyotype of the CAPT cell 
(b) Idiogram of the 3 proposed "pairs " of chromosomes whi ch 
may be derived from the CAPT karyotype by a simple f usion of chromosomes 
6 and 7 . 
a 
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FIG . 1.18 Scheme for the derivations of chromosomes 3 and 6/7 
combine d of the CAPT genome from the SAT chromosome of the root tip. 
( a) 
(b } Schem for the derivations of chromosomes 4 and 5 of 
the CAPT genome from chromosome S of the root tip . 
(c) Sch me for th derivations of chromosomes 1 and 2 of 
the CAPT genome , each from chromosome L of the root tip . 
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(ii) Chromosomes 4 and 5 may be derived from the S chromosome, 
(iii) 
by a simple pericentric inversion , followed by considerable 
amplification of chromatin , particularly in chromosome 5 
(Fig . 1.18 b ). Large inequalities of non C-banded material 
exists between chromosome 4 and 5 , but such discrepancies 
have previously b een noted, in homologous chromosomes , by 
John and King (1977) in the grasshopper species Cryptobothrus 
crysophorus . 
Chromosomes 1 and 2 are more difficult to derive , but 
presumably originate from the remaining pair of chromosomes , 
the L pair (Fig . 1 . 18 c). Again , inversions and amplification 
are implicated but , in addition in this case , certain of the 
C- band blocks must have arise n de novo . Such C- band addition 
is known to occur in other systems (King , 1980) . 
Slight discrepancies in l e ngths occur between the original , and 
derived chromosomes in these schemes , but are within the limits of e rror 
for the mean chromosome l e ngths r ecorded in Table 1. 3 , except where 
amplification has b een indicated . 
This scheme of karyotypic change proposes initial derivation of the 
6 chromosome complement (Fig . 1.17 b) by the mechanisms outlined above , 
and represented diagrammatically in Fig . 1 . 18 . The observed 7 chromosome 
karyotype of the CAPT culture would then be obtain ed from this 6 chromo-
some s e t by a simple dissociation at the centromere of chromosome 6/7 . 
Such a system of karyotypic evolution, by - passing a polyploid step , would 
be unusual as compared with other r eports concerning plant t issue 
cultures , a nd may be associated with the tumorous state of this p l ant 
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tissue culture. However , such complex karyotypic change is less 
likely to have occurred within a diploid genome, so that the preferred 
scheme for derivation of the CAPT karyotype from the normal diploid is 
that which involves initial polyploidy . 
1.4.2 Hapfopappus gracilis 
The pathway of karyotypic evolution in the HA-1 suspensio~ cell 
culture seems to have been initiated by the appearance of tetraploidy. 
A 6 chromosome aneuploid karyotype later dominated in this culture 
throughout the time that a~ day transfer program was retained . 
Following the change to a 7 day transfer program karyotypic alteration 
again occurred with 12 chromosome sets plus a few 11 or 8 chromosome 
sets arising in the population , followed , at a later data , by a 7 
ch romosome complement. After 2 years of the 7 day regime , an 8 chromo-
some karyotype (which was found not to be a normal tetraploid) formed 
the major chromosome complement in the culture , with a smaller percentage 
(25%) having a 7 chromosome set . Thus , again , chromosome doubling is 
implicated in the initial stages of evolution towards a dominant karyo-
type . 
It can b e suggested the n that , as with the CAPT culture, a scheme 
for karyotypic e volution involves initial chromosome doubling followed 
by chromosome loss and rearrangeme nts. Chromosomal rearrangements are 
certainly included in this scheme , since the final 8 and 7 chromosome 
complements both show deviations from the basic diploid chromosome types . 
It is not known whether the 6 chromosome set , which previously dominated 
the culture , included structural chromosome change . Singh (1975), 
pr viously observed a 6 chromosome karyotype as the major complement in 
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a suspension cell culture and in thi s case one obvious rearrangement 
was note d . Several authors have supporte d the view that evolution of 
the karyotype towards aneuploidy in H. gracilis cell culture begins 
wi th t etrapl oidisation (Shamina, 1972 ; Singh , 1975; Singh and Harvey, 
1975 ) and that this chromosome doubling occurs in vitro rather than 
arisin g from po lyp l oid ce lls in the original exp lant. This vi ew is 
supported by the appear ance of 12 chromosome sets in an HA-1 culture 
which was previously dominated by a 6 chromosome karyotype. 
The fact that karyotypic change , from the 6 chromosome set , 
occurre d in the culture following th e change from a 4 d ay to a 7 day 
trans f er regime is not surprising . Even slight alterations in culture 
conditions , such as altered innoculum volume may cause a directional 
change in chromosome constitution (Kaziwara, 1954) . Also , it has been 
noticed in Haplopappus gracilis (Singh and Harvey , 19 75), and Daucus 
carota (Bayliss , 1975 a) cell culture s that a prolongation of stationary 
phas causes the increased appearance of tetraploids. The change to a 
7 day culture period may then be r esponsible for the shift towards 
chromosome doubling . 
C-banding analysis , on the 8 chromosome se t in the final culture 
is summari sed i n Fig . 1 . 19 , along with proposed derivations of the 
chromosomes from the origi n a l~ and B chromosomes of the toot tip . Both 
chromosom s 7 c1nd 8 of this compleme nt c1re derived from chromosome B, 
indicated by the darkly staining short arm . In addition , the C-band 
block on the s hort arm of ch romosome 5 indicates that this chromosome is 
also deri v d from the B chromosome . Chromosome 6 does not show this 
C-b lock so c l e arly , but this may be due to prob l e ms with the banding 
A 
B 
apparen loss of 
C-band 
2 3 4 5 6 7 8 
FIG . 1.19 Schem s for the lik ly origin of each chromosome of the 8 
chromosome s t of IIA-1 from th 2 chromosome types of H. graci 7,is root 
tip ( 1'.. a . n orma l di loid) . 
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technique. Chromosomes 1 and 2 appear to be unaltered examples of 
chromosome A, whereas chromosomes 3 and 4 have both lost chromatin 
presumably in unequal exchanges, producing the larger arm of chromosome 
1 and the extended short arms of chromsomes 5 and 6. With improved 
banding procedures derivation of culture chromosomes may be more easily 
recognized . At any rate, few changes appear to have taken place , and 
close to tetraploid DNA content may remain . 
The HA-3 suspension cell culture was initiated with an 8 chromosome 
set. Although this was not a normal tetraploid complement it seems that 
only one rearrangement has occurred , and it may be assumed that a DNA 
content close to normal tetraploid , remains . Over a 6 month period of 
monitoring this culture , 7 and 6 chromosome sets appeared , and mitotic 
abnormalities including lagging chromosomes at anaphase , chromosome 
bridges , and micronuclei were observed . 
thus indicate that:-
The observations in this culture 
(i) Chromosomes can indeed be lost from a tetraploid set to 
give hypotetraploid aneuploids . 
(ii) Such loss may be achieved through the abnormalities of division 
noticed in this culture. 
In the formation of the 6 and 7 chromosome complements , the 
acrocentric B-type chromosomes seemed to be preferentially lost . A 
similar observation was made in H. gracilis (Singh and Harvey , 1975) and 
Vicia haja tana (Singh et al ., 1972) cell cultures , where the largest 
chromosome was r epresented most frequently in aneuploid karyotypes. 
However , it appears that 2 of the satellited chromosomes are always 
retained in the 6 and 7 chromosome sets of HA-3 , and this was also the 
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case with the 7 and 8 chromosome complements of the HA-1 culture. 
It is known that the NOR region is on the small arm of the B chromosome, 
so that this region is being retained, in its original form, and number 
in both these cultures. 
1.4.3 Brachycome dichromosomatica 
The patterns of karyotypic e volution in the Lin 31 and Lin113 
suspension cell cultures also seem to have involved initial tetraploid-
isation followed by a loss of chromosomes to give a hyperdiploid 
chromosome complement. 
Some C-banding has also been successful in this species and in the 
example shown (Fig . 1.15) all 4 chromosomes are different, making this 
plant a good candidate for genetic manipulation studies. 
Preliminary studies on tissue cultures of this species (Gould , 
1978; Gould , 1979a) suggested that chromosome stability was maintained 
for long periods. However , first tetraploids and then aneuploids 
appeared when the callus cultures were introduced to a suspension 
culture environment (Gould, personal communication) . C-banding studies 
should clarify the pathways of chromosomal evo lution in cultures of this 
spcci s . 
1.4 . 4 General Discussion 
By using these 3 composites with extremely low chromosome number , 
it has been possib l e to accurately monitor the chromosomal characteristics 
of the derived cell cultures of these species . By the additional use of 
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the Giemsa C-banding technique which has previously only been used , some-
what unsuccessfully , in 2 other tissue culture systems (Papes et al ., 1978; 
Wochok et al . , 1980) it has also been poss ible to indicate the nature 
of any chromosomal r ea rrangements occurring. This has been particularly 
success ful with the CAPT c ulture where C-banded patterns were very clear , 
and the rearrangements were very ext ens ive. The banding in H. gracilis 
was less successful but , with the removal of the chromosomes from the 
ce lls, more c l early defined banding patterns should be obtained . 
Deviation from the original diploid karyotype in all 3 species 
occurs in suspension cell culture, and a common pattern of karyotype 
ch ange has e me rge d . This involves chromosome doubling and subsequent 
chromosome loss from the tetraploid set to give rise to a stable , dominant 
aeuploid. It should be noted here that the 8 chromosome complement of 
the final HA-1 culture may be conside r ed as an ' aneuploid ' since it 
probably arose from a 12 chromosome set . Previously line diagrams 
could be used to illus trate the course of karyotypic evolution in plant 
tissue cu ltures i . e . for Acer pseudoplatanus (Gould , 1975) , the pattern 
of chromosomal change was:-
52 104 
I 
74 · · · · · · · · · · ~ 
-----... 208 
I 
136 , 142 
The c hromosome numbers are however , only modal numbers since 
accurate counting was not poss ible . Such diagrams can be constructed 
for the 3 composite species , as follows : -
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C. Capi Uaris ( CAP T) 
6----12 
I 
7 
H. graci Lis 
(1) HA-1 4----... 8 
I 
6---8-/-12 
/ 
7 
(2) HA- 3 4----• 8 
I 
6 
B. dichromosomatica Lin 31 and Lin 113 
4 ----8 
I / 7 
5 
(secondary doubling) 
C-banding ana l ysis of both CAPT an d HA-1 has r e vea l e d that chromosome 
rearrangements occur , wher as these diagrams do not include this information , 
but mere l y relate to centromere number in the cultures . 
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As mentioned previously , a general pattern of tetraploidisation 
followed by loss to give aneuploidy is a common pathway of chromosomal 
evolution in animal cell cultures and other plant systems . 
It is suggested that the aneuploid complement arises from a 
tetraploid set since extensive chromosomal change is more likely to be 
tolerated by a polyploid cell as this leads to less genie imbalance 
than in a diploid cell. Also , for purely mechanical reasons , chromosomal 
loss may be expected to occur in a tetraploid. Harris (1971) has shown, 
in pig kidney cell cultures, that polyploidised cells have unaltered 
dimensional properties as compared with the diploid , so that the surface 
to volume ratio must dec line . For a doubling of volume with no change 
in proportions the expected increase in the area per cell is only 1 . 59 
times . It may be that the spindle apparatus of the tetraploid cell is 
unable to cope with the doubled chromosome number, given that the spindle 
p late area may only be increase d by a factor of 1 . 59 . Thus , competition 
for attachment of centromeres to the spindle at metaphase may occur , 
leading to the exclusion of some chromosomes from the telophase nuclei . 
Terzi (19 72) has noticed a positive selection for cells with a diploid 
centromere number . Added to this is the s uggestion that metacentric 
type chromosomes may compete more effectively for spindle space than 
acrocentric type chromosomes since there is an increased proportion of 
metacentric chromosom sin the CAPT and HA-1 genomes . Preferential 
retention of metacentric type chromosomes has previously been observed 
in tumorous Crepi capi Uaris (Sacristan and Wendt-Galli telli , 1973) , 
and in some animal tumours (Hsu , 1959 ; Muldal et al ., 1971) . It may 
be that there is an unbalanced drag on acrocentric chromosomes which 
could cause their preferential loss at anaphase . It has generally been 
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observed that small chromosomes function at anaphase with fewer 
kinetochore microtobules (kMT's) than large chromosomes (Fuge , 1978) 
and also Moens (1979) has noticed that chromosomes which form as a 
result of Robertsonian fusion initiate a far larger number of MT's 
than teloce ntrics. Such differences in numbers of kMT's could create 
a situation where large metacentric chromosomes move more effectively 
on the spindle and are therefore preferentially retained in a competitive 
si tuation. 
It would however be naive to suggest that the tetraploidisation-
segregation pattern is the only interp r e tation of the results presented 
for these 3 species. As noted for the CAPT culture it is possible, 
though l ess like ly , that rearrangements may have occurred within the 
diploid set . 
As for the use of these 3 species for genetic manipulation studies 
it seems that once the cultures have r eached the stage of having a stable, 
aneuploid karyotype, they may be s uitable for such experiments . However, 
it may be important to maintain a strict adherance to a culture regime 
in order to preven t further karyotypic change. In addition it is 
obvious ly important to carefully analyse the derived chromosome complement , 
preferably with banding techniques since karyotypes which at first sight 
appear to b normal diploids or tetraploids may in fact include several 
structura l chromosome alterations . Careful analysis of chromosomes by 
C-banding can also be useful for later identification in hybrid situations . 
An alternative approach , and one more commonly considered , is to 
try and maintain diploidy in the cultures for use in such manipulation 
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experiments by alteration of culture regime e . g. a shorter stationary 
phase may allow diploids to compete more successfully. Other workers 
have advocated the use of p arafluorophenyl alanine (PFP) (Gupta and 
Carlson , 1972) to preferentially favour the proliferation of diploids. 
This approach views chromosomal evolution in culture in a negative 
fashion , possibly b ecause of the widely held though largely unsubstan-
tiated view that chromosome instability is the primary cause of the 
loss of morphogenetic pot e ntial in long term plant tissue cultures, and 
regeneration of plants may be use ful for monitoring genetic changes 
of "in vitro" manipulations . It is significant that data opposing this 
view has arisen from a species with low chromosome number (Gould, 1978). 
The induction of genie mutation in plant tissue cultures is a 
difficult area of study . A more posi tive approach to chromosomal 
mutation which normally occurs in c ulture may lead to the generation 
of nove l karyotypes which could be useful for selection in somatic 
hybridization experime nts. 
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CHAPTER 2 
CELL CYCLE ANALYSIS OF THE CAPT SUSPENSION CELL CULTURE 
2.1 INTRODUCTION 
Cells in a long term culture system , are, for the main part, in a 
state of continual growth , which necessarily involves division. The 
division, process is an ordered sequence of biochemical events , leading 
to mitosis , and separation of identical genomes into the 2 daughter cells 
produced . Mitosis is the on ly stage at which the chromatin is visually 
distinguishable in its functional subunits , the chromosomes . The 
alternative nuclear states , when chromatin is decondensed 
and dispe rsed, arc collectiv ly terme d interphase . In 1952 Howard 
and Pelc discove red , by following the uptake of radioactivity 
labelled precursors that DNA was synthesised during a limited part of 
interphase and not during mitosis , as had been supposed . This led to 
the concept of the cell cycle , or , more specifically , the DNA replication-
partition cycle during which the cell traverses a number of distinguishable 
phases between one mitosis and the n ext . The period of DNA synthesis is 
commonly designated the S phase . The interval between the previous mitosis 
and the S phase is called the G phase, during which the cell may manifest 
1 
its characte ristic function , and the inte rval following Sand l eading into 
the next mitosis is called the G2 phase . The symbols G1 and G2 merely 
stand for "gaps " in the proliferative cycle , although the use of such 
non-specific symbols should not conceal the fact that cellular events 
related specifically to the cycle must take place during this period . 
The more recent ideas of Burns and Tannock (1970), and Smith and 
Martin (1973) divide the c 11 cycle into 2 phases , the A state , which 
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includes S , G
2
, Mand part of G1 and the B state which is the part of 
G
1 
which is variable in duration . This is referred to as t he " transition 
probability" mode l , and was introduced to explain the observed variability 
in G
1 
duration between cells in a given population. A cell ' s probability 
of leaving the A state , entering the B state , and hence proceeding through 
another division cycle is known as the transition probability. The 
G -S-G - M model and the transition probability model are not mutually 
1 2 
exclusive . The more recent model merely places emphasis on the generally 
observed phenomenon that cells transit through the S-G2- M sequence in a 
finite time period whereas progression through G1 may be extended in 
duration , and some cells may n eve r return to the cycling condition . 
As noted in the General Introduction , these distinguishable cell 
cycle stages , which will all be represented in the rapidly grqwing 
cell suspension cultures used in this project , may confer characteristic 
prope rti es on the cells. Such features may affect a cell ' s competence 
for transformation or fusion eve~ts. For example , possib l y S phase cells , 
in which the ONA synthetic e nzymes are activated , would mo r e readily 
incorporate any introduced foreign ONA into the genome . Alternatively , 
differences in cell membrane properties th rough the cell cycle stages 
may affect the cell ' s potential for uptake of foreign genetic material . 
It is worth noting , at this point , that many previous ONA uptake studies 
wi th plants have utilised either whole plant material or leaf protop l asts , 
in which the ce lls will presumably be arrested at one stage of the cel l 
cycle , the G
1 
p hase . Thus , cell cycle related phenomena would not be 
noticed in these systems . 
Before analysing the affects of cell cycle stage on competence for 
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DNA uptake and fusion , it was considered important to establish the 
nature of the cell division cycle in the cultures to be used . Such 
analyses could give a description of a tissue culture population in 
terms of: 
(1) the fraction of the population involved in the cell division 
process (the growth fraction), 
(2) the fraction of cells in each cell cycle stage, and 
(3) the duration of each cell cycle stage. 
Such an analysis was completed on the HA-1 cell suspension culture by 
Gould (1977). This analysis demonstrated that greater than 95% of the 
culture population was involved in division, and the durations of each 
cycle phase at 26°C were as follows :- S , 3 . Sh ; G2 , 2 . Sh; M, 2h ; 
The G
1 
phase was most variable in duration . 
Cycle analysis has not been performed on a Brachycome dichromosomatica 
culture since the derived suspension cell cultures are very lumpy , and , 
also , a major fraction of cel ls is involved in xylogenesis . Both these 
characteristics make cell cycle analysis impractical , so that no attempt 
has been made to investigate features of cell proliferation in this species . 
l\n analysis of the cel l cycle in the tumour-derived CAPT suspension 
culture i s presented here . Three methods of cell cycle analysis have been 
utilised , s ince no single analytical technique , applied in isolation, 
gives a satisfactory description of the dynamics of the cell cycle (Painte r 
et al . , 196 4 ; Mendelsohn and Takahashi , 19 71; Gould et al ., 1974) . 
This analysis is of interest as an isolated piece of work , firstly 
because studies of cell division kinetics in plant tissue culture have 
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not progressed very far , with only a handful of reports published to 
date (for example , Ericksson , 1967 ; Gould et al ., 1974 ; Bayliss , 1975b; 
Chu and Lark , 19 76 ; Gould , 1977). Secondly , this appears to be the 
first study of the cell cycle in plant tumours . Since a major feature 
of tumours is their capacity for essentially unrestrained or autonomous 
growth , it would seem that consideration of the kinetics of cell growth 
and division should form a major part of any description of the tumorous 
state. Certainly , characteristic changes in cycle duration and growth 
fraction occur in hyperplastic and neoplastic states in animals (Bresciani , 
1968) . Additionally , with one exception (Bayliss , 1975b) plant tissue 
cultures used in previous cell cycle studies , have all required the 
exogenous supply of at least one hormone , whereas the CAPT cul ture is 
auxin autotrophic . 
2. 2 MATERIALS l\ND METHODS 
2.2.1 Estimation of Growth Paramete rs 
Samples (1ml) were removed aseptically from CAPT cultures at the 
time of initiation of fresh cultures , and every 12 h . subsequently during 
the 7 day culture period . Both 10 ml and 20 ml innocula of cells were 
used for culture initiation each 7 days . The removed samples were then 
added to an equal volume of 10% chromium trioxide . Cells were macerated 
by heating this mixture at 60°C for 5 to 10 min . and cel l lumps 
were dissociated by vigorous shaking for a similar period of time . 
Samples wer then diluted and pipetted into the wells of specially designe d 
counting slides . The field volume , viewed in the well with a Kyowa 
microscope at 100 x magnification , was calculated to be 0 . 26 µ l. Dilution s 
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were performed to give about 50 cells per fi eld volume . Estimations 
of the numb e r of cells per ml of culture were made from counts of cells 
seen in 100 randomly selected fields. Means, and standard errors of the 
mean (S.E.M.) were calculated , and recounts were made where the S.E.M. 
was greate r than 10% . 
Growth curves were plotted of log10 cell number against hours of 
incubation , and population doubling times have been derived using mean 
counts of 4 (in the case of 20 ml innoculum) or 5 (in the case of 10 ml 
innoculum) separate cultures . 
In addition, samples were scored for mitotic index and fraction of 
tracheid e l e me nts . 
2.2 .2 Labelling 
Pulse labelling:-
CAPT cell suspension c ultures were pulse labelled with tritiated 
thymidine ( 3H Tdr) at 1 
-8 1 -1 10 mol 1- (specific activity 5 Ci m mol 
-1 - 2 . 
[ 185 GBq m mol ) which gives an activity per ml of 5 x 10 µc1. 
[1.85 kBq), supplied by Radiochemical Centre , Amersham) for 20 min , 
followed by a cold thymidine chase at 5 x 10-
5 
mol 1-
1
. Such a labe l-to-
cold chase ratio of 1 : 5000 had previous ly been shown to be effective as 
a pulse labelling technique for both Acer pseudoplatanus suspension cell 
cultures (Gould e t al . . 1974) and !hr.plopapru graci li suspension cell 
cultur s (Go uld , 19 77) . 'The suitability of this labe lling regime for 
CAPT cultures was tested by following the incorporation of a pulse of 
tritiatcd thymidinc (1 x 10-8mol 1-1 , for 20 min) into the TCA (trich-
loracetic acid) insoluble fraction of CAPT cells for 4 h: 
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(i) in the absence of a cold thymidine chase , and 
(ii) after a cold thymidine chase at three different levels 
-4 -1 -5 -1 -6 -1 ( 5 x 10 mol 1 ; 5 x 10 mol 1 ; 5 x 10 mol 1 ) . 
5 samples were removed from each of the 4 different treatments, over the 
4 h period , and each mixed with an equal volume of 10% cold TCA, and 
left for 1 h to allow precipitation of macromolecules in the cells. Each 
sample was the n filtered through a 0 .45 µ millipore filter, and washed 
with 10 ml 5% TCA. The filters were then dried under a lamp, and added 
to 10 mls of scintillant (9.9 g PPO and 0 .245 g POPOP in 1 L of toluene) 
in scintillation vials, ready for counting on a Beckman LS-250 Liquid 
Scintillation System . Duplicate counts , each for a 5 min period, were 
made on each sample , and mean counts per min per ml were calculated, and 
plotted against time after initial pulse labelling treatment. 
Flash labe lling :-
3 - 8 -1 
CAPT cell suspensions we r e treated with H Tdr at 1 x 10 mol 1 , 
as above , for 20 min , then fixed in 3:1 ethanol : acetic acid ready for 
cytological preparation . 
Continuous labe lling:-
CAPT cell suspensions were repeatedly supplied with 
3
H Tdr 
-8 -1 (1 x 10 mol 1 , every 6 h). Preliminary investigations were performed , 
to ensure that, unde r this labe lling regime, cel ls would incorporate 
titium into their macromolecular fraction, in an essentially linear 
fashion , throughout the experimental period . Cell cultures were used 
during the exponential growth period , and sampling was continued for 48 h. 
It was necessary to sample over such a long period for analysis of cell 
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cycle parameters , this time being slightly longer than the apparent 
doubling time (see Results Section) for CAPT cultures. Using the TCA 
precipitation techniques described under pulse- labelling methodology, 
3 -8 -1 
incorporation of H Tdr, at two different levels (1 x 10 mol 1 ; 
1 x 10-6 mol 1-1 ) was investigated. In a second experiment , cultures were 
3 - 8 -1 pulsed with H Tdr at 1 x 10 mol 1 every 6 h or 12 h . Additionally, 
in the second experiment , the total cellular label incorporation , and 
the label remaining in the culture medium , were measured at each sample 
time . For es timation of total cellular label , samples were filtered 
and washed with 10 ml fresh medium (B5-2 , 4-D) containing cold thymidine 
(at 1000 X original 3H Tdr). Filters were then dried , and placed in 10 ml 
scintillant ready for counting , as for the TCA insoluble fraction . For 
estimation of the amount of label remaining in the medium , 0 . 2 ml of 
culture supernatants was added directly to 10 ml scintillant for counting . 
Such multiple analysis of labelling patterns in the cells yields inform-
ation on the dynamic features of titium incorporation , allowing estimates 
of cellular thymidine pool size . 
Estimation of the degree of quenching :-
Quench is defined as any process that reduces the photon output of 
the scintillation liquid , and , hence , the count rate reported for the 
sample under investigation . It was thus necessary to meas u re the degree 
of quen ching occurring in samples prepared for the determination of TCA 
insoluble , or total cellular activity in cell samples . Standard vials, 
containing known levels of 3H Tdr (from 0 . 0SµCi to 0 . 25µCi) in 10 ml 
scintillant , we re counted . Filters were then prepared , using unlabelled 
CAPT cells , and fol l owing the procedures for TCA insoluble or total 
cellul ar determination . These filte rs were then added to the standard 
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vials , and recounts were made . Counts were made in duplicate, and means 
3 
were plotted · against H Tdr level . 
2.2 .3 S- Phase Analysis 
Successful analysis of the cell cycle by the following methods 
relies on all S- phase cells in a population incorporating similar amounts 
3 of H Tdr during flash labelling treatments. In other words , DNA 
synthesis should be continuous , and should occur at a fairly steady rate 
throughout the S- phase period . Analysis of S- phase was therefore performed 
on CAPT cultures . Using autoradiographs of flash labelled cell populations, 
densitometry techniques were used to corre late DNA contents of S- phase 
cells with silver grain density overlying the nuclei . If the rate of DNA 
synthesis varies greatly during S-phase, this would be detected as increased 
grain density over nuclei of certain DNA contents. Alternatively, if DNA 
synthesis is discontinuous, and stops at certain stages during S- phase , 
no, or very little grain will occur over nuclei of particular DNA contents . 
Techniques for automatic , quantitative estimation of grain density 
in autoradiographs , described in detail in the General Materials and 
Methods , were employed in this investigation . Comparisons were made using 
both Farmer ' s Reducer method and the Two Wavelength method. 
2.2 .4 Mitotic and Labelling Indic s 
Mitotic and labelling indices, determined on populations of flash 
labelled cell s , were means of counts of close to 3000 nuclei . 
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2.2.5 Ce ll Cycle Analyses 
Three me thods of cell cycle analysis were performed on CAPT 
suspension cell cultures. 
Fraction of labelled mitoses method:-
For FLM analysis on CAPT cultures cell suspensions were labelled 
by the p ulse - chase method previously described, and samples were removed 
every 1 , or 1.5 h , and fixed in 3:1 e thanol:acetic acid ready for 
preparatio n of Feulgen s taine d autoradiographs . By this method , only 
those cells which are in the DNA syn the tic period (S-phase) will incor-
porat e label into the ir nuc lei during the 20 min pulse period . This 
labelled population of cells is then fo l lowed , as it progresses through 
the ce ll cyc l e , and e nters mitosis , by measuring the fraction of labelled 
mitoses with the passage of time . Mitosis , unlike other phases of the 
cell cycle , i s cytologically distinguishable , and therefore provides a 
window through which the progress of the labe lled cohort can be observed . 
In an idealised situation whe r e no variations in cycle phase durations 
occur waves of labe lled mitoses occur , as illustrated in Fig . 2 . 1 , and 
cycle phase durations can be es timated , as shown . Fig . 2 . 2 demonstrates 
how s uc h a c urve i s generated . In real populations , each phase varies 
around a mean value , p roducing damp ing of the FLM curve . Thus , durations 
of the cell cycle , and its p hases are us ually read f r om 0.5 l e ve l s , giving 
values approximating Lo the me dian values for the population under study . 
FLM parame t e rs for CAPT populations , were calculated from observation s 
of 100 mitotic figures for each data point . Phase duration s were determine d 
both manually , as illus trate d in Fig . 2 . 1 , and a l so by computer a n a l ysis , 
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using the programs of Dr . K. Kaschel , and , also, of Dr . MacDonald . 
Mitotic du ration was cal cul ate d from mitot i c index , and t otal cycle 
time , as described in the next section. 
Combined microspectrophotometry and autoradiography (Ma.k ' s method): -
This method , first described by Mak (1965) relies on determination 
of the fraction of a cell population in each of the fo u r cycle phases , 
which can then be related to the fraction of the cell cycle occupied 
by that phase . In an experimentally growing population , the re l ationships 
are as follows: -
N t 
m m 
= 0 . 693 
N T 
0 
N 
+ ½M) (Gl ln2 
= 2 [1 - exp(-t )--
N 1 T 
0 
w 
_Jg ln2 [exp (t l n2) -l] 
= exp t2 N T s T 
0 
N ½M) (G2 + ln2 
= exp t2 - 1 N T 
0 
T duration of the cel l cycle . 
tl = duration of Gl + ½M . 
t2 = duration of G2 + ½M . 
t 
s 
duration of S-phase . 
N = 0 number of cells 
in population . 
t = duration of mitosis m 
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In the CAPT suspension cultures , the ratio of G1 to G2 nuclei 
was estimated from DNA distributions of 200 unlabelled interphase 
nuclei , after flash labelling . Using this ratio, the relevant mitotic 
and labelling indices , and the total cycle time, as determined by another 
method , the durations of each cell cycle phase were determined , using 
the above formulae . 
Continuous labe lling method:-
CAPT ce ll suspensions were pulsed with 
3
H Tdr every 6 h , as 
previously described , and samples were removed over a 45 h period , and 
fixed in 3 : 1 ethanol:acetic acid ready for preparation of Feulgen stained 
autoradiographs . Both the fraction of labelled cells (labelling index) , 
and the fraction of labe lled mitoses , were determined for each samp~e, 
and plotted against time after initial labe lling. Labelling indices 
were determined on counts of 2,000 nuclei , and FLM parameters on 100 
mitotic cells per data point . Ce lls in S-phase at the time of initial 
labelling will incorporate 3H Tdr, and , since this label is continuous l y 
supplied, all cycling ce lls eventually enter S- phase and become labelled , 
so that a p lateau l eve l of labelled cells is reached . If all cells in 
the population are in cycle (i . e . growth fraction= 1) , then the entire 
population will become labe lle d in a time equal to the mean durations 
oft + t + t (s ee Fig . 2 . 3). Continuous labelling may be used to 
G2 M G1 
determine the growth fraction . From the plot of l abelled mitoses , the 
time taken to reach 100% mitotic cells labelled is equivalent tot + tM . G2 
An additional analysis was performed on a culture which was pulsed 
just once with 3H Tdr . 
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2.3 RESULTS 
2.3 .l Growth Curves 
Plots of log
10 
cell nwnbers against doubling time for both 10 ml 
and 20 ml innoculum cultures are shown in Fig. 2.4. There is no 
discernible lag phase in either case, and apparent exponential growth 
continues for approximately 72 h following innoculation. The average 
cell doubling time during this exponentia l growth period is 37.6 hand 
42.9 h r e spectively, for the 10 ml and 20 ml innoculum cultures . Thus, 
although the culture which is innoculated with double the nwnber of cells 
may be expected to have an advantage, doubling time is in fact slightly 
longer for this culture , and final c e ll density reaches a similar level . 
A 10 ml innoculum level has therefore been employed in the cultures used 
for cell cycle analysis . 
In Fig. 2 . 5 a it can be seen that in both cultures, the fraction 
of trache id e l e me nts falls during the exponential growth phase, rising 
again to a leve l close to the origin during stationary phase . The apparent 
drop is presumably mere l y due to overgrowing by undifferentiated cells (non-
trachcid) which arc rapidly dividing at this stage . This overgrowth is later 
compensated for during stationary phase , presumably by de nova formation 
of trachc id clements . llowevcr, even though some n ew elements may be 
formed during stationary phase , the fraction in the culture line obviously 
r emains low and fairly constant from each 7 day regime to the next. This 
level of low 1 akage of cells into a pathway of cytodifferenti.ation will 
have little effect on the cell cycle analyses. 
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Mitotic indices rise during exponential growth, as expected, 
returning to the original leve l by about 96 h in both cultures (Fig. 2.5b). 
The absolute values for each culture are very close . Fraction of mitoses 
would be expected to remain fairly level during the 24 h to 72 h period 
(i.e . during exponential increase), but only 1 sample has been analysed 
during this period . 
2.3.2 Labelling 
Pulse labelling treatments:-
Figure 2.6 shows the plot of 3tt Tdr incorporation into the TCA 
3 
insoluble fraction of CAPT cultures treated with a pulse of H Tdr 
followed by three different levels of cold thymidine chase (for details 
see Materials and Methods Section). In the control, where no cold 
thymidine was added, incorporation of label into the macromolecular 
fraction continued , in a close to linear fashion, for the duration of 
the 4 h e xperimental period . At all three levels of cold thymidine 
chase , there was effective inhibition of 
3
tt Tdr incorporation after only 
5 min , when compared with the leve l of label in the control sample . The 
-6 -1 chase of 5 x 10 mol 1 was not effective for the full 4 h, and low 
rates of label incorporation occurre d within 1 h of chase treatment . 
-5 -1 -4 -1 Both the 5 x 10 mol 1 and 5 x 10 mol 1 doses of thymidine were effect-
ive in inhibiting 3tt Tdr incorporation for the full 4 h. A cold chase of 
-5 -1 5 x 10 mol 1 thymidine was , there fore used in FLM analyses , as detailed 
in the Materials and Methods Section . 
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continuous labelling treatments:-
Figure 2.7 shows a plot of 3H Tdr incorporation into the TCA 
insoluble fraction of CAPT cells, over a 48 h period, following pulse 
-8 -1 6 1 
labelling at 2 different levels (1 x 10 mol 1 ; 1 x 10- mol 1- ) . 
There was an initial 6-fold difference in labelling levels attained 
under the 2 treatments, but , in both cases , label incorporation slowed 
down by 6 h after the initial pulse , and there was no further increa~e 
in label by 12 h. 
- 8 -1 
Thus, label, at the lower level of 1 x 10 mol 1 was supplied to 
cells at frequent intervals, e ither every 6 h or every 12 h. Under the 
12 hourly treatme nt, labelling was not continuous , but levelled off 
cons iderab ly. However , by p ulsing cells with 
3
H Tdr every 6 h, incor-
poration of labe l occurred throughout the 48 h period , in a close to 
linear fashion (see Fig . 2. 8 ). For cycle analysis by the Continuous 
Labelling Method , CAPT cultures were therefore pulsed every 6 h with 
3 - 8 -1 
H Tdr at 1 x 10 mol 1 . 
From Fig . 2 .9 it can be seen that total cellular incorporation 
of label follows very closely the incorporation into the TCA insoluble 
fraction , indicating that there were virtually no thymidine pools in the 
cells. Large thymidine pools could inte rfere with labelling treatments 
as us e d for cell cycle analysis on the CAPT culture . Levels of label 
in the me dium followed a step-wise pattern , increasing initially with 
every pulse , then being depleted , to some extent , before the next pulse. 
However , the l e vel of labe l in the medium always remained higher than the 
level in eith er the TCA insoluble or total cellular fraction . 
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Quenching Estimation:-
Figure 2 . 10 illustrates the degree of quenching occurring 
in samples which were processed for determination of TCA insoluble or 
total cellular tritium activity. It can be seen that the addition of 
the filters to the scintillant produces a slight lowering in counts over 
the range of 0 . 1 to 0 . 28 µ Ci 3H Tdr (corresponding . to counts of between 
about 7 , 000 to 30 , 000) with a slightly greater lowering in the samples 
prepar e d for total cellular analysis . However , below 8 , 000 counts , 
virtually n o que nching effect is seen , and the majority of experimental 
values (see Figs . 2 . 6 + 2 . 9 ) fall into this region , and are thus not 
affec t e d by a quenching problem . 
2 . 3. 3 S-phase Analysis 
2-Wave l e ngth Method:-
By thi s me thod , as exp lained in the General Materials and Methods , 
2 absorbance me asurements are obtained for each labelled cell , one at 
570 nm and the other at 670 nm . The s ilver density is taken to be 
equivale nt to the absorbance at 670 nm , an d the DNA content to be 
absorban ce at 5 70 nm minus absorbance at 670 nm . Fig . 2 . 11 b 
represents th e ONA contents of 96 labe lle d cells , after flash labelling 
treatm nt , as d t e rmin e d by absorbanc differ nces at the two wavelengths . 
This profi l e can be compared with the ONl\ contents (absorbance at 570 nm ) 
of 96 unlabe lled cells from the same slide . The unlabelled cells fall 
into two dis inct peaks , on ranging from 600 to 1400 (taken to be the 
G
1 
c lls ), and h e oth r ranging from 1600 to 2800 ( taken to be the G2 
cells ), l eaving a gap where the s- hase cells presumably fall . Certainly , 
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many of the labelled cells , which are taken to be in S-phase, fall into 
this gap , and only one broad peak of DNA contents occurs. This range 
of DNA contents is wider than might be expected but this is partly due 
to the fact that early and late S-phase cells will have DNA contents 
indistinguishable from G
1 
and G2 DNA contents. Additionally ,
 due to the 
low content of DNA in Crepis capillaris any variability is more 
noticeable , producing overlap of DNA values for S-phase cells with DNA 
con tents characteristic of the other cell cycle states . It is noticed 
that th e DNA profile of label l ed cells is shifted towards the G1 rather 
than the G
2 
DNA value , and this is most likely due to underestimation of 
absorbance by the microspectrophotometer , related to the generally 
dispersed nature of S-phase cells . It was previously noticed that 
prophase nuclei , in which the chromatin is also in a dispersed state 
often yield absorbance values lower than expected . 
Over the S-phase range of DNA contents , silver density (absorbance 
at 6 70 nm) ranges from 170 to <z \ 4 (Fig . 2 . 12 l:>) , but there is no marked 
increase or decrease in silver density at any particular DNA content . 
This indicates that the rate of DNA synthesis remains fairly steady 
throughout S-phase , and that there is no obvious discontinuity of DNA 
synthesis at any stage . Of course , any S-phase cells with very little label 
overlying the nucle i may have been included in the analysis of unlabelled 
cells . However , such cells would have fa llen into the obvious gap which 
appears in th DNA profile of unlabell ed cells (Fig . 2 . 11 a) . 
There is good correlation between visual grain counts and the 
si lve r density as quantifi ed by the 2 wavelength method (Fig . 2 . 13a) . 
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Silver removal method (Farmer ' s Reducer) 
The DNA contents of both labelle d and unlabelled cells (175 
measurements in each case ), as obtained by the silver removal me thod , 
are illustrate d in Fig . 2. 14 . In this case , two peaks of unlabelled 
cells again occur, r epresenting G1 and G2 cells, and labelled cells are 
represented by one broad peak of DNA contents . The .S - phase cells 
(labe lled cells) have much lowe r DNA contents than expected . This may 
be due to some loss of Feulgen during the Farmer 's reducer treatment , 
although control expe riments carried out by the author indicate that the 
si lve r r emoval treatme nt causes no r eduction in Feulgen stain density . 
Corre lation between visual grain counts and silver density , as measured 
by absorbance drop (Fig . 2 . 13b ) is good , but not as good as for the 2 
wave l ength method . This i s in contras t to the results of Gould which 
are presente d in the General Materials and Me thods Section , which show 
simi lar , high corre lations fo r both methods . The decreased accuracy of 
the Farmer ' s method in the data p r esente d here is presumab ly attributable 
to the prob l em of lowere d Feulgen dens ity following silver removal. It 
may , then , be s ugges t e d that the " real " DNA content profi l e of labelled 
cel l s is as presente d in Fig . 2 . 14 b . 
The relationship between silver and DNA content of labelled cells 
(Fig . 2 . 12 d) s hows a simi l ar profile to that obtaine d by the 2 wavelength 
method (Fig . 2 . 12 ~), and , thus reiterates the conclusions drawn from that 
data i . e . that the rate of DNA synthesis r emains fairly constant, with no 
obvious non-synthetic periods , thro ughout the S- phase . 
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2.3.4 Mitotic and Labelling Indices 
Mitotic and labelling indices for 2 CAPT cultures were obtained, 
as described in the Materials and Methods Section, and are recorded in 
Table 2.1 . The counts were made on samples of the FLM analyses. 
TABLE 2 .1 
Culture A 
Culture B 
2.3 .5 Cell Cycl e Analysis 
FLM Analyses: -
Mitotic Index 
+ S . E . M. 
0 . 019 + 0 . 022 
0.019 + 0 . 0034 
Labelling Index 
+ S . E . M. 
0 . 057 + 0 . 013 
0 . 096 + 0.004 
Two FLM analyses were performed on separate cultures , each between 
24 hand 66 h after innoculation . The cultures , tenned A and B were set 
up on 14/2/78 and 1/5/ 78 respectively. The resultant FLM curves are 
shown in Fig. 2 . 15 , and the raw data is presented in Tables 2 . 2 and 2 . 3 . 
The durations of G2
, S , and the total cycle time have been determined both 
by heuristic (eye-fitting) ana lysis, as explained in the Materials and 
Methods Section , and by computer analysis (Table 2 . 4). Estimates of 
mitotic duration were obtained from scores of mitotic index (see Table 2 .1), 
and the values for G1 d
uration were calculated by differences for the 
heuristic analysis . 
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For each sample , a 2 x 2 contingency test (with Yates ' correction) 
has been performed to test the significance of the differences between 
scores 1 and 2 . 
2 The X values, and corresponding probabilities are 
recorded in Tables 2.2 and 2.3 . Taking probabilities of greater than 
5% to indicate no significant difference in the scores, it can be seen 
that for culture A the majority (18 out of 27) of the samples tested 
fall above the 5% level , and for culture B , an even greater proportion 
(20 out of 25) fall above this level . 
2 The overall X value has also been 
computed for each culture , and, although these values both indicate that 
there is a significant difference between the two sets of data (P < 0 . 001) 
these hi gh values are due to only a small number of samples with large 
discrepancies between scores 1 and 2 . If these values are discounted , 
2 the total X value for both cultures indicate no significant differences 
between the two scores (s ee Tables 2.2 and 2 . 3) . 
There are fewer large discrepancies between samples scored for 
cul ture B than for culture A. The operator (the author) was the same 
for all counts on culture B , but was different for the scores 1 and 2 
of c ulture A. Thus the large difference s which occur in a few samples 
of FLM of culture A are probably large ly due to differences in operator 
assessment of " labelle d " and " unlabelled" cells . In all cases , slides 
were randomized prior to counting, to prevent any biased estimations by 
ope rators. It was , however , felt to be worthwhile to have one set of 
counts made by a separate individual, since the scatter of points and 
FLM value attained in the first peak were possibly due to operator error . 
Howe ver , the separate counts give similar curves; for culture A. 
Table 2 . 4 gives mean cycle phase duration s , and variance , plus 
1.0 
A 
0.8 
• 0.6 
V) • (1) • 
V) 0.4 
0 
-
• • • 
E • • • • • • • 0.2 • 
-0 • • 
(1) • • • • • • • • • • • 
••• 
• • • • 
• • 
(1) 0 • • • • 
_n 1.0 15 0 
B 
'-+-
0 0.8 
C 
0 
- 0.6 u 
0 • ,._ 
LL 
0.4 • • • • • 
• 
• • • • 
••• • 
• • 0.2 • • • • • • 
• • • 
• • 
• 
• • • • 
' 
• • • • • 
• \ • • • 0 
0 15 30 
Hours post chase 
FIG . 2 . 1~ Fraction of labelled mitoses (FLM) curves for two CAPT ce ll 
populations . 
TI\BLE 2 . 2 F . L.M. DATA FROM 14/ 2/ 78 (CULTURE Al 
A. pu l se of 3H thymidi ne was given for 20 minutes , f ollowed by a c old c h
ase at O hours . 
Samp le Time (h) Fraction of labelled mitoses ( 2 counts on separate s l i des ) 
2 x 2 conti n-
number post l 2 
gency test 
labe l Labelled Numbe r of Labelled Number of 
(with Yates• p 
Mean :_ S.E .M . correction) 
mitoses mitoses mitoses mitoses 
scored scored 
xz 
a a 100 a 100 
a a >0.9 
2 a. 1s l 85 2 100 
a .016 :: 0.004 0.00081 >0 . 9 
3 1.5 a 100 a 
100 a a >0.9 
2.25 a 100 5 100 
0.025 :: 0.025 3. 28 O.l to a .as 
5 3.0 2 100 6 
100 0.0 4 :: 0.02 0.0117 >0 . 9 
3 . 75 2 100 4 100 
0 . 03 :: a .a 1 0.0172 0.9 to o.s 
7 4.5 3 100 11 
100 0 . 07 :_ 0. 04 3.76 O.l to o.os 
8 5.25 10 100 24 
100 0 . 17 :: 0 . 07 5.99 0.05 to 
a . 01 
6.0 11 100 26 100 
0 . 185 :: 0.75 6.5 0 . 05 to 
0 .01 
10 6. 75 9 100 25 
100 0 . 17 :: 0.0 8 7. 97 0.01 to 
0.001 
11 7 . 5 159 250 44 
10 0 0. 54 :: 0 . 098 10. 4 7 0.0 1 to 
0. 00 l 
12 8.25 139 300 27 
100 0 . 36 7 :_ 0 .097 10 . 76 0.01 to 
0 . 00 l 
13 9. 75 Bl 250 23 
100 0.277 :_ 0. 04 7 2.59 o. s 
to 0. l 
14 11. 25 5 100 
100 0.06 :: 0.01 0 . 0097 >0.9 
15 12 . 75 9 100 11 
100 0.1 :: 0.01 0 . 028 0.9 to 0
.5 
16 14 . 25 19 100 16 
100 0 .175 :: 0.015 0 . 0014 >0.9 
17 15.75 so 190 9 
100 0.177 :: 0 . 087 11. 08 <O. 00 l 
18 17 . 25 67 200 24 
100 0.288 :: 0.048 2. 42 0 . 5 to 
0.1 
19 18.75 57 180 7 
100 0 .194 :: 0.124 20 . 81 <
0.001 
20 20 . 25 14 100 9 
100 0.115 :: 0.025 0.79 0 . 5 
to 0 . l 
21 21. 75 11 100 10 
100 0 .105 :: 0.005 a <0 . 001 
22 2 3. 25 10 100 
100 0.085 :: 0.015 0.0026 
>0,9 
23 24 . 75 9 100 
0 . 09 
24 26 . 25 2 100 
61 0.035 :_ 0.015 o. 32 0. 9 to O .5 
25 27 . 75 100 
0.01 
26 29.25 66 
0.076 
27 30 . 75 8 92 
0.087 
28 32.25 
29 33 . 75 100 
0.03 
30 34 . 25 5 100 l 
100 0. 0 3 :_ 0 .0 2 0.0155 
>0.9 
31 36. 75 14 100 
100 0.0 85 :: a.ass 6 . 43 
0.05 to 0.01 
32 38.25 100 
100 0 . 03 :_ 0. Ol 0.017 
>O. 9 
33 39 . 75 100 
100 0 . 035 :_ 0.05 0 
>0.9 
34 41. 25 12 100 
0.12 
~: Estimates f o r fra c tion o f labe l led mitoses 
were scored by two different people for samples l 
to 23. 
Total xz • 93. 27 ; P < 0.001 (27 d.f.): Disregarding 
samples 10, 11 , 12, 17, and 19 
Total x2 • 32 . 18: P ~ a .1 to a.as. 
ABLE 2. 3 F.L.M. Ol\Tl\ FROM 1 / 5 / 78 (CULTURE B) 
ll pulse of 3H thymidine was given for 20 minutes, followed by a cold chase at O hours. 
Samp le Time (h) Fraction of labelled mitoses (2 counts on separate slides) 
2 x 2 contin-
number post l 2 
gency test 
label Labelled Number of Labelled Number of Mean !_ S.E.M. 
(with Yates 1 p 
mitoses mitoses mitoses mitoses 
correction) 
scored scored x2 
0 100 
0.02 !_ 0. 02 
2 0.75 0 100 100 
0.005 !. 0.005 0 >0 .9 
1.5 0 100 0 100 
0 0 >0.9 
2.25 l 100 0 100 
0.005 !. 0.005 0 >0.9 
s 3.0 l 100 
0.01 
3. 75 8 100 l 100 
0.045 !_ 0 .035 4 .19 0.05 to 0.01 
4.5 29 100 s 100 
0.17 !_ 0. 12 18.75 <O. 00 l 
5.25 100 7 100 
0.075 !_ 0. 005 0.00035 >0.9 
9 6.0 15 100 21 100 
0.18 !_ o. 03 0.85 0.5 to 0.1 
10 6. 75 23 100 21 
100 0.22 !_0.01 0.0029 0 .9 to o.s 
11 7.5 17 65 37 
100 0 .316 !. 0.054 0.0199 0.9 to o.s 
1 2 8.25 27 100 38 10
0 0.325 !. o.oss 2.28 0.5 to 0.1 
1 3 9.0 25 100 29 100
 0.27 !_ 0. 02 0.0023 0.9 to 0.5 
14 9. 75 55 100 36 
100 0.46 !_ 0 .095 6 . 53 0.05 to O .0 1 
15 10.5 24 100 32 100 
0.28 !_ o. 04 1.21 o.s to 0.1 
16 11.25 38 100 30 100 
0. 34 !_ 0.04 1.1 0.5 to 0.1 
17 12.0 17 100 
0 .17 
18 13. 0 37 100 27 
100 0. 32 !_ 0. 05 1.86 0.5 to 
O.l 
19 14.0 29 100 24 
83 0.29 !_ 0.0005 C.023 0.9 to 
0.5 
20 15 42 100 11 
100 0.265 !_ 0 .155 23.l 
<0.001 
21 16 36 100 
100 0.215 !_ 0 .145 2 3. 2 
<0.001 
22 17 6 100 
0.06 
23 18 
24 19 5 100 
so 0.04 !. 0.01 l. 48 o.s to 
O.l 
25 20 18 100 9 
100 0.135 !_ 0 .045 2.74 
0. l to 0.05 
26 21 22 100 17 
100 0 .195 !_ 0.025 0.51 
o.5 to 0. 1 
27 22 7 71 
100 0.069 !_ 0 .029 l. 49 
0.5 to O.l 
28 23 7 100 
0.07 
29 24 100 
0.02 
30 25 6 100 
0.06 
31 26 16 100 7 
100 0.115 !. 0.045 3.14 O.l to 0 .05 
32 27 12 100 8 
100 O.l !_ 0 .02 0.5 
0.5 to 0 . l 
33 2 8 15 100 
0.15 
34 29 10 100 
0.10 
35 30 5 100 l3 
100 0.09 !. 0.04 2.99 0.1 
to 0.05 
Total x2 = 95 .97 (with 25 d.f.); p = <0.001 
Dis regarding samples 7. 20 and 21 total x 2 ~ 30. 9; p = 0.1. 
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standard errors , for two complete analyses , one after the method of 
Kaschel* and the other following Macdonald* (1970). The method of 
Macdonald has also been performed assuming that A= 1.5 (where A= 
mean number of daughter cells to remain p rolife rative after a mitosis). 
This was considered important since the large discrepancy between the 
cell doubling time (37.6 h) and the total cycle time obtained from FLM 
analysis indicates that there may be a non-cycling fraction in the CAPT 
populations . Very similar phase durations are, in fact obtained taking 
A equal to 1. 5 . 
Koschel ' s analsyis has us e d scores 2 of both culture A and B , to 
yie ld the fitted curves illustrated in Fig. 2 . 16 a and b. Neither scores 
1, or combined scores would yield a completed run for this analysis . 
For the curve -fitting analysis of Macdonald mean values obtained 
by bulking scores 1 and 2 have been use d. This gives more weight to 
the l arge r samp l e s izes counted for some scores . Also , 0 . 33 h has been 
adde d to each samp l e time , since thi s analysis uses times post initial 
addi tion of l abe l . Th e resultant c urves are shown in Fig . 2 . 17 . 
Goodness of Fit t ests indicate significant diffe rences between observed 
and fitted c urves (see Fig. 2.17) . This may b e expected since l arge 
restraints are applied to the data in order to produce a plot which has 
the characteristics of an FLM curve . Visually , there is generally a 
close fit betwe n the observe d and expec t e d data points . Some data 
points have been removed . Speci fically, the first sample of culture B 
(on post labe l) has too many mitoses to be consistent with the mode l , 
* Th se methods were kindly performed by Or . K. Kaschel (The Cancer 
In s titute , Me lbourne ), and or . P. Macdonald (McMaster University , 
Ontario , Canada). 
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and all the points after about 20 h in both cultures are much too low. 
Deleting the Oh point does not amount to much . Visually , it doesn ' t 
appear to be too far from the fitted curve , but the problem is that the 
prog ram gives too much weight to this kind of discrepancy, and the 
point has therefore been removed. The data points after 20 hare 
probab ly low due to drop-out of some labelled cells into a nonproliferative 
fraction. In fact , since a random probabi lity factor (termed the transition 
probability) may cause considerable variation between individuals in the 
time of initiation of the next round of division it is often better 
to determine the cell cycle parameters from a single peak FLM curve 
(Gould, 19 77) . 
Macdonald's method also gives estimated values for growth fraction , 
as indicated in Tables 2.2 and 2.3. 
The Macdonald analysis gives greater values for G2 duration than 
the other analyses , and, in fact, this parameter is greater than the total 
cycle time for culture A. This latter discrepancy can be explained if 
a "delayed" G is proposed. For instance , the intervention required to 
2 
set up , label, and cold-chase a culture may cause most cells to delay 
their next division by a f ew hours, the cycle subsequently returning to 
normal . 
The high dcgr.ec of scatter on both the ascending and descending 
limbs of the first peaks in Fig . 2 . 15 may explain why the duration of 
S-phase, in particular , is extended in the manual analysis (which takes 
account of all the data on the broad peak) compared with the computer 
generated durations (which puts more emphasis on the top most poin t , so 
TABLE 2. 4 - CELL CYCLE PARAMETERS FOR 2 CAPT CULTURES AS DETERMINED BY FLM ANALYSES (BOTH HEURISTIC AND COMPUTER METHODS) 
AND BY MAK' S METHOD, TAKING Tc FROM FLM. 
Analysis T + S.E.M. variance Gl S+S.E.M. G2 :!:_ S.E.
M. variance M Gl:!:_G2 Delayed G2 
Growth 
C - - Fraction 
CULTURE A 
Heuristic 10.4 0 3.6 6.2 
0.6 
Computer : 
Kaschel 9 .13+0.2 41. 84+0 . 2 3.17 1.62+0.l 3.94+0.5 
5.37+0.17 0.4 
Macdonald (A=2) 8.78+0.34 4.27+1.15 (-1.96) 0 . 04+0 .3 o. 71 8.03 
9.99+0 .38 19.2+3.l 0.32 
- -
Macdonald (A=l.5) 8.64+0.33 4. 25+1. 16 (-1.995) 0.64+0.19 0.66 7.34 
9 .33+0.26 16.3+2 . 2 0.29 
Mak's Method 9.13+0.2 4.1 0.53 4.3 0.25 
--
CULTURE B 
Heuristic 14 . 4 0 6 7.3 1.01 
Computer : 
Kaschel 13.11+0.3 185.6+28.6 3.28 1.95+0.l 7.38+0.l 
0.4 
- -
Macdonald (A=2) 17.6+1.2 10* (1.8) 2. 7+1.2 1.1 13.8 12.0+1.9 
39.1+19.9 0 .42 
Macdonald (A=l.5) 17. 3+1. 3 10* (1.9) 3.0+0.8 1.0 13. 3 11.4+1.6 
34.2+16.l 0.43 
Mak's Method 13.01+0. 3 7.2 1.38 4.32 0.37 
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that the half peak height level is elevated more than in the intuitive, 
manua l method) . Values for G2 (aside from the "delayed" G2 durations 
already explained) , are in better agreement, as might be expected, 
because only one source of scatter (the ascending limb) is involved 
in the measurement of the G2 
transit time. It is noticeable that 
whereas the FLM curve for culture B shows a longer cell division time 
than for culture A, this lengthening is caused by increased duration of 
S, G
2 
and mitosis, whereas the G1 duration
s are less altered (Table 2.4) . 
Such elongation of cell cycle time may be explained by slight alterations 
in culture conditions . However, previous studies with proliferating non-
tumorous suspension cultures have indicated that extension of cell 
division time in different cell cultures of the same cell lines , is due 
to variation in G
1 
duration alone , with G2 and S durations remaining 
constant (Gould et al ., 1974). 
Combined Microspectrophotometry and Autoradiography (Mak's Method) 
These analyses were carried out on the Oh FLM samples of cultures 
A and B . In Feulgen-stained autoradiographic preparations of these samples 
all labelled cells are in S-phase , unlabelled cells are either in G1 or 
G
2
, depending on their ONA content , and mitotic cells are distinguished 
cytologically (Mak, 1965) . Fig. 2 . 18 presents Feulgen densitometry 
data obtained . The ratios of G1 
to G2 cel ls (0.54:0.39 for culture A; 
0.64 :0. 26 for culture B), labelling and mitotic indices (0 . 057,0.019 
for culture A; 0 . 096 , 0 . 019 for culture B), and cell cycle times derived 
from the relevant FLM curves were combined to calculate cycle phase-
durations (Materials and Methods Section) . The phase durations determined 
by this method differ significantly from those obtained by FLM analysis 
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{Table 2 . 4) . With the exception of the G2 estimate for culture A, 
densitometric analysis gives lower values for Sand G then the FLM 2 
method . Conversely, the FLM estimates of G1 are much shorter than 
values assigned by densitometry. Mak ' s method of cell cycle analysis 
gives valid estimates of cycle phase durations only in situations where 
very high proportions of cells are engaged in cell cycle traverse. In 
contrast , FLM analyses depend on counts of labelled mitotic figures, so 
that non-cycling cells cannot bias estimation of phase transit times 
obtained from the first peak . Thus the disagreements between the resu
lts 
obtained by the two methods can be explained in terms of low growth 
fractions in the CAPT suspension cultures. Since estimates of the length 
of G
1 
are greatest by the d ensitometric method , while the same analysis 
gives values for Sand G
2 
duration which are shorter than values from FLM 
analysis , it is logical to assume that non-cycling cells are arrested in 
G
1
. A subpopulation suffering G1 arrest w
ould be expected to bias 
calculations of phase durations such that G1 is overestimated by Mak ' s 
method , whilst other phases are underestimated. 
Cont inuous Labelling Method : -
Fig . 2.19 shows the plots of both labelling indices, and Fraction of 
Labelled Mitoses against time post initial labelling , for the multiple-
labelled, and single-pulsed cultures . In the single-dose experiment , 
the labelling index shows a plateau at approximately 0 . 16 after 6 h, 
whilst the fraction of labelled mitoses begins to rise at approximately 
4 hand peaks at 0.76 (higher than for the pulse labelled FLM analyses 
since the cohort of labelled cells is much wider) . The G2 parameter 
estimated from both single and multiple dose experiments is 6.5 h, which 
is in good agreement with the value obtained from heuristic analysis of 
the FLM curves . 
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FIG. 2 .19 Accumulation of l abel l ed mitoses and total labelled cells 
in CAPT cel l c ultures afte r (i) singl dose of tritiated thymidine 
-8 - 1 (1 x 10 mol 1 ) [ --t:, -- l abe lling inde x; -- o -- fraction 
of labe lled mitoses) , and (ii) multiple doses of tri tiat ed 
thymidine (1 x 10-8 mol 1-l every 6 h) -- • -- labelling index ; 
-- • -- frac tio n of labelled mitoses] . Each data point r eprese nts 
counts o n 2 , 000 nuclei for l abe lling inde x , and 100 mitotic figures 
for determination of fraction of labelle d mitoses . 
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With label continuously available in the multiple dose experiment, 
the fraction of labelled mitoses reaches a plateau at about 0 . 8 after 
15 hand rises only slowly, thereafter . A small fraction (approximately 
5% of mitoses still remain unlabelled even after prolonged supply of 
tritiated thymidine . This suggests that a proportion of cells in the 
cultures may become "arrested" either in mitosis or G2 , O~ that a number 
of cells in the cultures are defective in the thymidine kinase enzyme. 
Additionally, hwnan error in counting or problems with high background 
and slippage of film in autoradiograph preparations may account for part 
of the apparent unlabelled fraction . At 33 h, 80% of total cells show 
label and, after continuous label ling for the preswnptive cell cycle 
time of 9 to 17 h , labe lling index is only 0 . 3 . This indicates that 
only a fraction of the population (approximately 0 . 3) may be involved in 
cycling . This fraction is in close agreement with the growth fractions 
obtain ed by Macdonald ' s analysis of FLM data of culture A, although the 
values for culture Bare somewhat higher (see Table 2 . 4). 
Extrapolation from this data yields an estimate of total cycle 
duration of approximately 47 h. 
2.4 DISCUSSION 
No single ce ll cycle analysis method , applied in isolation , can give 
a complete description of cell proliferation kinetics in a population . 
In this analysis of a twnorous suspension cell culture of Crepis capilLaris , 
even analysis by 3 different methods (FLM , Densitometry , Continuous Labelling) 
does not yield an eas ily comprehensible model of cell proliferation . Large 
discrepancies in duration of cell cycle time (cycle time from FLM analysis 
is 8-+ 17 h , but approximately 4 7 h from continuous labelling analysis) , and 
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phase d u rations (G
1 
from FLM analysis is close to Oh, but considerably 
larger for densitome t ric analysis) occur . Such discrepancies could be 
due to l imitations of the labelling proce dures reli e d on in all 3 
methods . However , care has been taken to assess the accuracy of the 
methods , and problems cau sed by accumulation of large thymidine pools 
in cells of th e population, or discontinuity of DNA synthesis in S- phase, 
have , at l east, been discounted (see Results Section 2.3 . 2 and 2 . 3 . 3). 
Thus , there seem to be real differences in the apparent cell 
cycle parame t e rs , as measured by the 3 methods , wh i ch highlights the 
need for multiple approaches to such studi e s . These discrepancies can , 
howe ve r , r eadily be explained by p r oposing a low growth fraction . The 
presence of a sub-population of non-cycling cells can adverse l y affect 
the accuracy of both densitometric and continuous labelling analysis . In 
the case of the de nsitome tric analysis, all cells have been included in 
dete rminatio n of phase durations (Table 2 . 4) , whereas most of the G1 
cells are most probably in a resting s tate , eve n in an exponentially 
dividing population . In the continuous labe l ling analysis , total cycle 
time is estimated from the time take n for all c e lls in the popu l a tio n t o be 
labelled . However , where a low growth fraction exists , some cells may 
never become l abe lle d , and the apparent cycle duration becomes longer 
then the " true " value . 
The FLM a n a lysis , on the other hand , specifically fol l ows only 
those cells whi c h are cycling , so that the low growth fraction is not 
such a severe problem , and the values for cycle parameters can be more 
readily accep t ed . Howe v e r, in the present analysis , the FLM curves are 
rather flatt e n e d , and indistinct , with a scattering of values . This 
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makes derivation of phase durations difficult. 
The low values for the FLM peaks suggest the possibility that 2 
sub-populations exist in the CAPT culture, one having a G of approximately 2 
6.5 hand forming the first peak, and the other having a G2 value of 
between 14 and 20 hand forming the second peak. However, the FLM peak 
after a single dose of 3H Tdr which is not followed by a cold chase 
reaches a value of 76% at 10 h (Fig. 2 . 19), and the duration of G2 
estimated from this curve is 6.5 h. Therefore, the majority (80%) of 
the cells traverse G
2 
i n this shorter time , and the idea of sub-populations 
having diff 'rent c
2 
parameters can he discounted . 
The FLM analysis is most successful in situations where S- phase is 
long relative to G
2 
and mitosis. In this situation, S-phase c e lls traverse 
rapidly into mitosis allowing little asynchrony to develop in the labelled 
cohort and the relatively narrow mitotic " window" is saturated with 
labelled cells for an eas ily measured period (-i.e . the breadth of the 
well defin e d peak is the duration of S-phase). These conditions apply 
particularLy to the mammalian cell cycle (Quastler and Sherman , 1959; 
Baserga and Wiebel , 1969) . However, in CAPT suspensions the duration of 
G
2 
appears to be long in comparison with S-phase (see Table 2 . 4) . Thus , 
during the long G
2 
stochastic processes may develop asynchrony within 
the labe lle d cohort and the mitotic "window" is unlikely to become 
saturated by the r elative ly narrow band of S- phase cells . 
The damped 
nature of the FLM curves in this analysis can therefore be understood in 
terms of the temporal structure of the S-G2-mitosis sequen ce . 
Despite the flattened nature of the FLM curves , the parameters derived 
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from these curves give the best description of the cell cycle in a 
population which has a growth fraction of less than 1. The values for 
total cycle time for all 4 FLM determinations closely agree (Table 2.4), 
as do mitotic values obtained by both heuristic and the Macdonald 
computer analysis (Table 2.4). Values for S-phase are considerably 
shorter for the Macdonald analysis since a "delayed" G2 is proposed, but, 
in all cases , Sis of short duration. All 4 methods are in agreement as 
regards the absence , or extremely short duration of G1 phase . 
As a further attempt to verify the shortened cell cycle described 
by FLM data , the DNA profiles of the labelled cohort of cells have been 
determined for the "between peak" period of FLM A. If G1 is indeed short 
in duration , the labelled cells should ente r S- phase fairly rapidly after 
leaving mitosis . 54 measurements each have been made on 4 samples from 
FLM of culture A, and the resultant DNA profiles are recorded in Fig . 
2.20 . Silver grain was removed from the labelled cells prior to measure-
ment of absorbance at 570 nm. It can be seen that, whereas there is an 
obvious " S- phase " gap in the profiles from 9 . 75 h and 11. 25 h samples , 
by 12.75 ha considerabl e fraction of cells has e ntered S-phase as expected 
if G is extremely short . By 14.25 h this f raction has decreased , and a 
1 
larger percentage of cells have the G2 DNA content. 
These aspects of the 
data ,then , support the rapid transit of dividing cells from one division 
to the next . It is also noted , that a considerable number of cells have 
the G
1 
DNA content , suggesting that there may be a real, although 
reasonably short, G1 ph
ase in some cells . Additionally , however, the 
fraction of cells with G
1 
DNA content has increased by 12.75 h indicating 
either that some cells in the population have an extended G1 phase , or, 
in support of the idea of non-cycling sub-population , that certain of 
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FIG . 2 . 20 DNA cont nl profil s for 4 samples (9 . 75 h , 11 . 25 h , 12 . 75 h , 
14. 25 h) taken from the FLM curve of culture A as shown (e) . Mitotic 
figures are repr s nted by shaded columns. 
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these G
1 
cells have, in fact, dropped out of the division cycle at this 
stage. 
Substituting the total cycle estimate of 47 h from the continuous 
, labelling analysis, in place of the FLM-derived value, phase durations 
have been recalculated from the densitometry data (Mak's Method) and 
are presented in Table 2 . 5 . In this recalculation, both the G1 and G2 
parameters are significantly longer (culture A, 20.7 hand 21.6 h 
respectively; culture B, 25.2 hand 15.2 h respectively) than those 
transit times as measured from the FLM curves . However, the directly 
measured time taken for cells to traverse G2 is close to 6 . 5 h in 4 
separate analyses (heuristic and Kasche l FLM analyses , ano both continuous 
labelling analyses). The G2 values of 21 .6 hand 15.2 h must, therefore 
be discounted . Additionally, population doubling time, as calculated 
from cell number increase curves is about 37 h, which, again , make the 
estimate of 46 h for total cycle time derived from continuous labelling 
data , unacceptable. Taking the total duration of the cycle as between 
8 and 17 h (FLM analyses) , the continuous labelling data can only be 
interpreted in terms of a low growth fraction in the CAPT cultures. 
If all cells in the population are assumed to be cycling, and cell 
division time is taken as 12 h (mean of FLM analyses) , predictions of 
increase in cell number with time can be made . Comparison between 
predicted and observeu cell number increases and estimates of the fractions 
of cells which must therefore leave the cell cycle at each stage of the 
growth cycle , are presented in Table 2 . 6 . using this approach , it 
appears that 0 .77 of cells innoculated do not enter the division cycle, 
and subsequently between 0 . 2 and 0.4 of the dividing population exit from 
TABLE 2 . 5 CELL CYCLE PARAMETERS OF 2 CAPT CULTURES , AS DETERMINED USING MAK ' S METHOD . VALUE 
FORT TAKEN FROM 2 DIFFERENT ANALYSES 
C 
Type of Analysis 
CULTURE A 
Mak ' s method , assuming all cells 
cycle (T from continuous labelling) 
C 
Mak ' s method , assuming a l l G1 cells 
are non- cycling and taking Tc from 
FLM analysis (Koschel) 
CULTURE B 
Mak ' s method, assuming all cells 
cycl e (T from continuous labelling) 
C 
Mak ' s method , assuming all G1 cells 
are non-cycliryg and taking Tc from 
FLM analysis (Koschel) 
Phase Durations (h) 
T 
C 
46 
9 . 13 
46 
13 . 1 
Gl 
20 . 7 
0 
25.2 
0 
s G2 M 
2 . 7 2 1. 6 1. 2 
0 . 85 7 . 94 0.53 
4 . 8 15 . 2 1. 3 
2 . 6 9 . 75 0.98 
TABLE 2 .6 
Time 
Interval (h) 
0 -+ 12 
12 -+ 24 
2 4 -+ 36 
36 -+ 48 
48-+ 60 
60 -+ 72 
ANALYSIS OF CAPT POPULATION ASSUMING CONTINUAL DROP-OUR MODEL 
Cell No . Increase 
- 1 - 5 (cell ml x 10 ) 
4.525-+ 5 . 546 
5 . 546-+ 6 . 918 
6 . 918-+ 8 . 811 
8 . 811 -+ 10 . 9 7 
10.97-+ 13 . 87 
13.87-+ 16 . 60 
Fraction of cells 
assumed to l e ave 
di vision cycle 
0 . 774 
o. 327 
0 . 315 
0 . 423 
0 . 339 
0 . 511 
Fraction of cells 
in cycling compartment 
after each interval 
0 . 248 
0 . 398 
0 . 427 
0 . 397 
0 . 412 
0 . 339 
Fraction of cells 
in non - dividing 
compartment after 
each interval 
0 . 752 
0 . 602 
0 . 573 
0 . 603 
0 . 587 
0 . 661 
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the division cycle. A p l ot has been made of the expected values for 
fractions of cells labelled during continuous labelling of CAPT 
suspension cultures between 24 and 72 h of culture (Fig. 2.21). This 
predicted plot fits quite closely with the experimental plot obtained 
(Fig. 2 . 21). Similarly , application of this "continual drop-out" 
model predicts that 0 . 6 of the population will be in the non-dividing 
compartment after 24 h of culture (Table 2.6) , which is when the 
densitometric analyses were carried out. This fraction is very close to 
the experimentally determined proportion of the population which is in G1 
at this time (Fig. 2 . 1 8) . Since it has already been argued that non-
cycling cells are arrested in G1 rather than in any other cell cycle 
phase , it is suggested that the majority of G1 cells in these c u l tures 
is in a resting state . This agrees with data obtained from the FLM curves 
which indicate that the G
1 
phase is either completely absent or at least 
of short duration , in cycling cells . Recalculation of all phase transit 
times by applying Mak ' s method , and excluding all G1 cells from these 
e stimations , give s values for the lengths of G2 , Sand mitosis which are 
in much closer agreement with the values obtained from the FLM analyses 
(Table 2.5) . 
Thus , the "continual drop-out " model which accomodates all of the data 
and considerations presented above , has the following characteristics :-
(i) Cycling cells have either a very short , or a non-existen t 
G1 phase. 
(ii) In both these tumorous cultures and in root meristems of 
Crepis ca:pillaris the durations of the s , G2 and mitotic phases 
are similar (Langridge et al ., 1970; Generalova , 1969 ; Kuroiwa 
and Tanaka , 1970 ; Abraham et al ., 1968 ; Van ' t Hof , 1965 ) with 
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FIG . 2 . 21 Theore tical (-A-) and obse rved (-0-) accumulation 
of labe lled c e lls with multiple dose continuously labe lled cultures , 
accordin g to the mode l p roposed in the t ext . 
(iii) 
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the possible exception of S-phase, which may be shorter 
in the cultures. (For CAPT cul:tures G1 = 0-+ 2 h; S = 2-+ 4 h; 
G2 = 6.5 h; M = 1 h). 
During proliferation in culture a relatively constant pro-
portion of the cycling populations arrest in G1 (0.3 to 0.4 
per cycle) . 
This last concept of cell arrest in G1 has parallels with both the 
Q cell (quiescent cell) proposal of Chu and Lark (1976) for soy bean cell 
cultures, and the G non-cycling compartment proposed by Lajtha (1963) 
0 
and Epifanova and Terskikh (1969). It may be _that G1 arrested cells 
in the CAPT cultures have lost the ability to initiate DNA synthesis , and 
such loss of competance could be related to the total number of cycles a 
given cell has undergone in its history (Hayflick and Moorhead, 1961). 
Alternatively , the clumps of cells which occur in CAPT populations may 
represent meristematic nodules, and the G1 arrested cells in these cultures 
may have lost the ability to cycle through separation from such parental 
clumps. Certainly, according to the "continual drop-out" model, a large 
fraction of the innoculated cells in CAPT cultures fail to enter the 
division cycle . However, recently proposed non-deterministic models of 
cell division control do not require the existence of a non-cycling 
sub-fraction of the population to explain G1 "arrested" cells. Rather, 
such cells are considered still division competent and have not irrevocably 
l e ft the cell cycle (Shields and Smith, 1977). In terms of the transition 
probability model· (Smith and Martin, 1973), cells in the CAPT suspensions 
have a probability of initiating a new round of DNA synthesis and division 
of either close to zero (those cells which become arrested in G1 ) , or 
close to one (those cells which traverse G1 very rapidly). 
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Previous reports have shown that the plant cell cycle is very 
much extended in suspension culture as compared with meristematic root 
tip cells of the same species (Bayliss, 1975) and, in particular, it is 
the G1 phase which is increased in length in hormone-requiring suspension 
cultures (Gould , 1977). However, this analysis of tumorous CAPT 
suspension cultures indicates a total cycle duration clos-e to that in 
root tips of the same species, and the G1 transit time rather than being 
extended , is of extremely short duration. Thus the possibility arises 
that although exogenously supplied auxin is essential for growth in non-
tumorous and non-habituate d plant cell cultures, such growth is achieved 
on ly at th e expense of an ext e nde d G1 period . Bayliss (1975) has reported a 
shortened ce ll cycle time (32.8 h) during embryogenesis in auxin-free sus-
pension cultures of Daucus carota , as compared with the normal non-embryogenic 
cultures to which 2,4-D was supplied (cycle time= 50 . 9 h). In particular , 
the G
1 
phase was most reduced in the auxin-free culture . Parallels with 
the CAPT suspension culture, therefore, suggest a link between auxin 
autotrophy and a shortened cell cycle time , in which the G1 phase is 
specifically most reduced in duration. This raises the possibility that 
the exogenously supplied auxin (2,4-D) is directly inhibiting the rapid 
transit of cells from G1 into the D
NA synthesis period . 
In CAPT cultures the growth fraction is less than one bacause a 
proportion of the cycling population arrests in G1 . In cycling cells G1 
is very short or absent, and the mean total cycle time of about 12 his 
uncharacteristically short for a plant cell suspension cultu re . These 
unusual kinetics also feature in animal tumour cell populations , where 
low growth fractions (not necessarily smaller than in the corresponding 
normal populations - Gavosto and Pileri , 1971 ) commonly occu r (Mendelsohn , 
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1962 ; Baserga , 1965 ; Bresciani , 1968) as do shortened cyc l e times 
(Reiskin and Mende l sohn , 1964 ; Dormer et al . , 1964 ; Iverson et al. , 
1962 ; Bresciani , 1965), and absence of G in the cycling cells 1 
(Baserga , 1963; Lala and Patt, 1966) . Likewise, dividing CAPT cells 
that are autotrophic for auxin, with their rapid transit through G, 1 
are similar to virally-transformed animal cells, which are far less 
sensitive to reductions in serwn levels in terms of proliferation than 
are their untransformed counterparts. This suggests that a general 
feature of twnorous cells (both plant and animal) may be the ability to 
traverse the G1 phase rapidly and somewhat independently of culture 
conditions. 
This analysis of the cell cycle in the CAPT cell culture has , then, 
revealed departures from kinetics of proliferation normally found in 
plant systems . These abnormal features of an extremely short , or absent 
G1 phase and a low growth fraction , may be related to the twnorous 
nature of the population and, hence , the presence of the Ti plasmid . 
If the Ti plasmid is implicated in generating such gross changes in a 
population ' s growth pattern , then care should be taken in the explanation 
of results of attempts to use this plasmid for genetic modification . The 
information gained about the cell cycle in the CAPT culture is relevant 
to any further work on this culture . For instance , a protoplast popu lation 
released from this culture would be expected to contain some G1 arrested 
cells . Such cells may behave differently in uptake or f usion experiments . 
Similarly , S-phase cells will be expected to be represented in s mall 
numbers in the population . Such information is of paramount importance 
in int rpr tation of e xpe rimental results . 
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CHAPTER 3 
DNA AND LIPOSOME BINDING TO PROTOPLASTS OF CAPT AND NS-1 
3.1 INTRODUCTION 
The fi e ld of p lant improvement through genetic manipulation becomes 
mo r e and more rele vant in a world where the increasing population puts 
stress on the limited p lant food supplies. Recently developed techniques 
in plant tissue culture , particularly those for the isolation and culture 
of protoplasts (Cocking , 1960 ) , open up new possibilities for such 
manipulation s which could not be achie ve d through plant breeding methods . 
Plant breeding presents p roblems in the form of : -
(i) the length of time required to p roduce new varieties and , 
(ii) the natural incompatibility barriers which restrict crosses 
to closely related species . 
The use of p lant prot oplasts should ove rcome both of the se obstacles. In 
fact fusi on of p lant p rotoplasts i s n o t only possible between widely separated 
speci es or genera (e . g. between Petunia hybrida and Parthenocissus 
tricuspidata (Power et al ., 19 75 ) or be tween Glycine max and Nicotiana glauca 
(Kao , 1977)), b ut higher p lant/a l ga l (e . g. carrot+ Chlamydamonas , Fowke 
et al . , 1979) , higher p lant/yeast (Dave y and Power , 19 75) , and even inter-
kingdom fusions (e . g. be tween human cells a nd Haplopappus gracili s protoplasts 
(Lima-de-Faria et al ., 1977)) have been achieved . Fusion between protoplasts 
necessarily produces hyb rid cells in which the e ntire genomes of the parent 
ce lls a r e present. For more specifi c introductions of new genetic material 
into host cells , isolated DNA or chromosomes , hopefully carrying well defined 
gene tic mark ers , s hould be the vectors of choice . Criticisms which have b een 
directed at m ny arly att mpts at DNJ\ uptake into plants centre around:-
(i) th use of intact p lant mate rial , which preclude s a n alysis at 
the single cell l eve l , and 
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(ii) the use of material which is not free from bacterial contamination . 
The use of protoplasts from sterile tissue cultures would circumvent both 
of these problems. The lack of a cell wall on protoplasts also reduces the 
barrier to the entry of genetic material in the form of isolated DNA, 
nuclei and organelles, all of which have now been successfully introduced 
into plant protoplasts by simple techniques (Ohyama et al., 1972; Potrykus 
and Hoffmann , 1973). 
Attempts to monitor the fate of such exogenously supplied genetic 
mate rial may be more r eadily achieved in low chromosome number species , 
and this chapt er p r esents r esults of an investigation into possibilities 
for DNA uptake into one of these plant species (C.capillaris) . The 
successful introduction of foreign genetic material into cells inc l udes the 
uptake of the material , its integration and/or replication, its expression 
in the recipient cell and its preservation in the progeny . However , the 
work reported here is restricted to characterising the binding of DNA to 
protoplasts since this is the first step in such a process . Previous work 
with other species has often by-passed this initial stage and merely 
monitored the fate of the foreign material once it is inside the cell . Such 
monitoring has most often relied on biochemi cal techniques (Ohyama et al ., 
1978) but in the present study a cytological approach has been chosen since 
this a llows more direct observation of DNA/protoplast interaction . The 
additional use of quantitative autoradiography and Feulgen microspectro-
photome try allows assessment of both the amount of DNA binding (given by 
the quantity of silver grains , since tritium labelled DNA is used), and 
also the DNA content and therefore the cell cycle stage of the "host" 
Protoplasts . Su ch cell cycle r e lated information is of interest since the 
idea of " competence " for trans formation at certain stages of the growth 
92. 
cycle , which has been demonstrated with transformab l e bacteria (Hotchkiss , 
1954 ) i s a concept which has not been addressed in higher plant transform-
ation studies . In one experiment, protoplasts released from plant cells of 
varying ages have been shown to differ in levels of exonuclease activity 
(Ohyama et al ., 1978) , indicating that cell age may indeed be an important 
factor for DNA uptake into plant cells. 
Liposomes are being increasingly used for the introduction of bio-
_logically active macromolecules into mammalian cells (Paste et al ., 1976). 
Techniques have been developed for the entrapment of both RNA (Dimitriadis , 
1978) , and DNA (Papahadjopoulos , 1978) into lipid vesicles . It is possible 
to incorporate such genetic material into cells using liposomes as vehicles , 
since fusion of liposomes with the cell membrane allows release of the 
vesicle contents into the cell . These methods have not been applied to 
plant material but this should be readily achieved with the use of proto-
plasts . A study has therefore been made of the. binding of small unilamellar 
liposomes to both CAPT and NS - 1 protoplasts. Protoplasts of NS - 1 have 
been used in this study , for comparative purposes , as an example of a normal , 
non-tumorous plant population, as opposed to the tumorous cells of the CAPT 
culture. As . with the DNA binding experiments , a cytological approach has 
been used , and the relationship between cell cycle stage and binding capacity 
has similarly been investigated . Liposomes of varying phospholipid compos -
itions have been employed since the type of liposome has been shown to be 
important for successful fusion of liposomes with mammalian cells (Papahad-
jopoulos et al. , 1973). 
In both the DNA and liposome binding experiments described here tests 
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have been made on the extent of binding in the presence of varying amounts 
of the polycation poly-L-ornithine . Several previous workers have noted 
the marked enhancement of DNA uptake by plant protoplasts in the presence 
of polycations (e . g. Ohyama et al., 1972). 
The surface properties of protoplasts will be important for the binding 
of both DNA and liposomes and for sound theoretical reasons these properties 
may be expected to vary with cell cycle stage. To maintain membrane 
composition exactly stable throughout the cycle every single membrane 
component would have to be synthesised and/or integrated into the membrane 
absolutely synchronously. Such "tight-linkage" between the cell cycle and 
membrane synthesis is extremely unlikely (Mitchison , 1971) and therefore 
fluctuations in membrane constitution may reasonably be expected . In 
mammalian cells, one such property, that of overall surface charge as 
measured by electrophoresis, is different in mitotic cells as compared with 
interphase cells (Brent and Ferrester , 1967). Similar studies with plant 
protoplasts used leaf tissue in which all cells are presumably in the G1 
state and, as expected , have constant overall surface charge within a 
species, as measured by electrophoretic mobility (Nagata and Melchers , 
1978) . It is known from these studies that the overall surface charge on 
both animal cells and plant protoplasts is always negative and Nagata and 
Melchers (1978) discuss the implications of this charge in relation to 
cell-cell adhesion and the binding of tobacco mosaic virus (TMV) to 
protoplasts . They suggest that the use of polycations such as poly-L-
ornithine for uptake of TMV gives a positive coating to the virus particles 
allowing them to adhere to the otherwise negatively charged protoplast 
surface . It is possible to separate a heterogeneous population of cells 
into sub-populations according to cell surface properties , by countercurrent 
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distribution using a two-phase polymer system (Walter et al., 1971), and 
one of the main determinants of the partition of cells in such systems 
may be their surface charge . This technique has therefore been utilised 
here to look for cell cycle related differences in surface properties , 
in NS-1 protoplasts,which may then relate to differential binding of DNA 
or liposomes. 
Since protoplasts rather than whole cells are being used in these 
investigations, the effect of the protoplast isolation procedure on the 
cell cycle has been investigated. In particular, the enzyme treatment may 
inhibit progression through the cell cycle so that protoplasts may be in a 
non-cycling state when binding experiments are carried out. Alternatively, 
the isolation procedure may preferentially release protoplasts of particular 
cell cycle stages . The previous analysis of the cell cycle in the CAPT 
culture (see Chapter 2) is very useful in these binding studies . For 
example , it is now known that the majority of G1 cells in the culture are in 
a non-cycling state, and this may affect the degree of DNA binding 
achieved. Even if the G
1 
cells do have a greater binding capacity, this 
may be of little interest since the induction of division in these proto-
plasts may not be possible . It is also known that S-phase is of very short 
duration in the CAPT culture so that protoplasts in S-phase may represent 
a very small fraction of the population analysed . Any differential 
response of S-phase cells may thus go unnoticed in such a population and 
experiments have been designed to cope with this problem. 
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3.2 MATERIALS AND METHODS 
3.2 .1 Cell Cycle Studies on Protoplasts 
Protoplasts were isolated from suspension cell cultures by the 
techniques described in the General Materials and Methods Section. For 
cell cycle studies part of the culture was pre-labelled with tritiated 
thymidine, prior to protoplast isolation, whilst the remaining cells were 
left unlabelled and samples were removed and flash labelled at intervals 
during protoplast isolation and culture . 
Pre-labelling:-
Cl\PT ce lls were "pulse-chase" labelled with tritiated thymidine as 
described in the Materials and Methods Section of Chapter 2 . A small 
sample was removed and fixed in 3:1 ethanol:acetic acid (this becoming 
the sample pre Oh) , whilst the remaining cells were incubated with wall-
removing enzyme for protoplast isolation . A further sample was removed, 
during enzyme treatment , at 5 . 5 h (pre 5 . 5 h). After 12 h protoplasts were 
separated from cell clumps , washed free of enzyme , placed in a special 
protoplast culture medium (see Table 3 .1) and incubated, in the dark, at 
27°c , on a slowly rotating plate. Samples were removed and fixed at 12 h, 
17 hand 32 h (i . e . after Oh , 5 h, and 20 h of culturing) . 
Post-labelling:-
A small sample of a population of unlabell ed CAPT cells was removed 
and fixed prior to addition of enzyme to the remaining cells for protoplast 
i solation. This sample is denoted "post Oh". A further sample was removed 
from the enzyme mixture at 5 . 5 h (post 5 . 5 h) , flash labelled with tri tiated 
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TABLE 3.1 PROTOPLAST CULTURE MEDIUM 
B5 salts, iron and vitamins 
1000 mg/L casamino acid 
3 mM CaC1 2 .2H20 
2 mg/L 2, 4-D 
0.5 mg/L kinetin 
thymidine by the method described in Chapter 2, and fixe d in 3:1 ethanol: 
acetic acid . Protoplas ts were washed free of enzyme after 12 hand 
placed in protoplast culture medium as previously described for the pre-
labelle d calls. Samples were removed , flash labelle d and fixed at 12 h , 
17 h, and 33 h (i . e . afte r Oh , 5 h, and 21 h of culturing) . 
All samples , from both pre and post-labe lling procedures were Feulgen 
stained and autoradiographs were made . Labelling and mitotic indices 
were calculated where appropriate, and DNA-content profiles of labelled 
protopl asts were produ ced by microspectrophotometry for labelled protoplasts 
of the pre-treatment method. 
An additional study was undertaken using l eaf tissue of Crepis aapillaris , 
to determine the cel l cycle state of cells within this tissue (by DNA content) 
both before a nd after protopl ast isolation . Leaf protoplasts were isolated 
as described in General Materials and Methods Section . 
3.2.2 Preparation of Labelled CAPT DNA 
CAPT cultures were p ulsed with tritiate d thymidine at 10-
7 
mol 1-l 
(specific activity , 5 Cim mol-l (185 GBq m mol- 1 ), which gives an activity 
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-1 -1 
of 0 . 5 µ Ci ml [18 . 5 kBq ml ]) , each day of the 7 day culture period 
between innoculations into fresh me dia . At the end of the week, cells 
were harvested and DNA was isolated by a modified method of Heyn et al. 
(1974). DNA was stored in a freezer and thawed for each use. 
3.2 .3 Liposome Techniques 
3.2 .3 . l Liposome Preparation 
Preparation of unlabelled liposomes:-
Small unilamellar liposomes were prepared by mixing the required 
phospholipids in 5 ml of Protop l ast Washing Buffer (13% sorbitol; 3 mM CaC12 ; 
2 mM Na H
2
P0 
4
) in a. hand-held homogeniser . A phospholipid concentration 
f 7 / 
. . 15 . 
o µmoles ml was used, which should yield approximately 10 vesicles per 
ml . The resultant suspension was homogenised thoroughly and then sonicated , 
using a MSE 100 watt Ultrasonic Disinteg r ator , for a pproximately 10 min , or 
until a transluce nt suspension was produced . Throughout all these steps, 
the suspension was kept coo l with ice . The s urface charge on liposome s 
produced in this way partly depends on the phospholip id composition . The 
3 phospholipids used in this study are L- a - Phosphatidyl choline (Sigma , 
100 mg/ml in 9 :1 chloroform :me thanol , also known as L- a -Lecithin), which is 
a ne utral phospholipid , L- a-Phosphatidyl-L-serine (Sigma , 10 mg /m l in 95 : 5 
ch l oroform : me thanol) which i s a negative l y ch arge d phospholipid , and 
stearylamine (Sigma , powder form), which is a pos itive ly charged phospholipid . 
Liposomes with ne utral , negative , and posi tive charge were all prepared using 
the following phospholipid c omposi tion s :-
(a) 
(b) 
Neutral liposomes:- 100% phosphatidyl choline (5 . 25 mg/ml). 
Negatively charged liposomes :- 90% phosphatidyl choline 
(4 . 725 mg/ml) + 1o i phosphatidy l serine (0 . 525 mg/ml). 
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(c) Positively charged liposomes:- 90% phosphatidyl choline 
(4 .725 mg/ml ) + 10% stearylamine (0.19 mg/ml). 
The stearylamine was first dissolved in 9:1 chloroform:methanol, and, 
in the preparation of all 3 liposome types the phospholipid mixtures were 
dried down on to the bottom of the homogeniser prior to the addition of 
PWB. Drying was achieved by evaporation of the chloroform/methanol 
mixture in a flow of nitrogen gas . 
The shape and size range of the produced liposomes was investigated 
using electron microscopy , as described later. 
Preparation of labelled liposomes : -
For the use of liposomes in autoradiographic studies tritiated 
cholesterol was added to the phospholipid mixtures. The label was used 
3 1 -1 - 1 
at 0 . 2 x 10- m mol L- (specific activity 9 . 5 Ci m mol [352 GBq m mol ] , 
Radiochemical Centre Amcrsham) , which gives an ·activity per ml of 2 \J Ci 
-1 (74 k Bq ml ) . 100 µl of a 1 in 10 dilution of the triated cholesterol 
stock was added to each liposome preparation . 
3. 2 . 3 . 2 Liposome Analysis 
Microscopic examination of liposomes:-
Liposome samples were studied under the electron microscope . A drop 
of liposome preparation was first placed on a carbon-coated grid , left 
for approximately 1 min , and then stained for a further minute with a drop 
of 2% (w/v) sodium phosphotungstate . The grid was then dried with filter 
Paper and examined under a Hitachi H-500 electron microscope . 
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Distribution of labe lled cholesterol in liposomes:-
Labelled liposomes of all 3 phospholipid compositions were prepared 
as desc r ibed . A much lower leve l of sorbitol (50 mM) was used in the 
buffer since 13% sorbitol will not float on the ficoll gradient which is 
used. Each liposome preparation (1 ml) was gently added to a stepwise 
fico ll gradient , previously prepared in a polyallomer ultracentrifuge 
tube. The gradient was composed of 2 ml each of 20% , 10%, 8%, 5% and 3% 
ficoll dissolve d in buffer (50 mM sucrose; 5 mM tricine; 0.5 mM EDTA; 
pH 7.5) , and carefully layered on top of one another in the tube. The 
tubes , complete with sample, were then spun in an ultracentrifuge at 
35 ,000 rpm for 17 h, in a SW41 rotor. After centrifugation each tube was 
pierced at the base , and eleven 1 ml samples were collected . From each 
original liposome sample, 11 fractions were thus obtained, 50 µl of each 
fraction was added to 5 ml scintillation fluid (containing 1 ml solubiliser) 
ready for scintillation counting. The tritium gate on the scintillation 
counter was set at 80+ 6000 to cut out any large counts at the lower end 
of the tritium curve which are due to interferance by ficoll. 
To estimat e the lipid content of each fraction , optical density 
readings at 260 nm were recorded. For each fraction , comparison was 
made with the equivalent fraction obtained from a blank tube (i.e . ficoll 
gradient with no lipid sample added) , since ficoll also absorbs at 260 nm . 
20 µl SDS per ml was added to clear each fraction , so that false readings 
were not obtained due to cloudiness . 
(i) 
(ii) 
This me thod gives an indication of : -
the l e vel of incorporation of 3H cholesterol into liposomes . 
3 
the distribution of incorporated H cholesterol. 
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3. 2. 4 Binding of DNA and Liposomes to Protoplasts 
Protoplasts of both the CAPT and NS-1 suspension cell cultures were 
isolated and washed several times in PWB to remove the wall-degrading 
enzyme s . Estimates of protoplast nwnber per ml were made using a 
haemocytometer , and viability was determined using Evans Blue stain. 
DNA Binding 
100 µl of labelled CAPT DNA was added to 3 ml CAPT protoplasts in a 
10 ml tube, and gently agitated by rolling the tube between both hands for 
a few seconds . The agitation process was repeated every minute during a 
10 min incubation period, and the protoplasts were then pelleted by 
centrifugation for 5 min in a bench centrifuge with a swing-out rotor. The 
pelle t was resuspended in 3:1 ethanol : acetic acid containing 13% sorbitol. 
The sorbitol fixative was replaced , a few hours later , with a fixative 
containing no sorbitol , and protoplasts were stored at 4°C ready for 
Feulgen staining and the preparation of autoradiographs , at a later date . 
Poly-L-ornithine (at 200 µg/ml , 20 µg/ml and 3 µg/ml) was mixed with 
the protoplasts prior to addition of DNA . A poly-L-orth ine stock 
(3 mg/10 ml) was freshly made up in water just before it was required. 
In some cases , flash labe lled protoplasts were used for DNA binding . 
Labelling (with tritiated thymidine at 10-B mol 1- 1 ) was either performed 
on cells before protoplast isolation, or on isolated protoplasts just p rior 
to DNA addition . Some protoplasts were incubated in culture mediwn for 
a few hours before flash labelling and used in DNA binding procedures . 
Label ling techniques are e mploye d to allow S-phase cells to be readily 
distinguished in autoradiographs . 
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Liposome Binding 
For liposome binding , 3 ml samples of both CAPT and NS-1 protoplasts 
were used , as for DNA binding , and agitation and fixation procedures were 
the same as above . All 3 liposome types (neutral, negatively charged, and 
positively charged) were used , and either 0 .1 ml or 0.5 ml added to each 
3 ml protoplas t sample . Poly-L-omithine was used at 20 µg/ml and 3 µg/ml , 
and protoplast l abe lling procedures were emp loyed as before. 
3 . 2 .5 Aqueous 2-polyme r Phase Systems for Partition of Protoplasts 
This method whi ch was applied to NS-1 protoplasts , relies on 
the differential p artition of protoplasts between 2 immiscible phases . In 
this case , aqueous d extran (D) , polyethylene glyco l (PEG ) 2 - phase systems 
have been use d . Whe n th ese polymers are mixed in concentrations above 
a "critical concentration" , such a 2-phase system is produced , whereas 
below this concentration a homogeneous solution would be obtained . The 
phase diagram in Fig. 3 . 1 illustrates the critical point for a Dextran 
T500 , PEG 6000 sys t e m. At all points above the curved l ine (the binodial) , 
separation of the polymers into 2 phases occurs . At different polymer 
concentrations , shown by open circ l es in Fig . 3.1 , the polymer composi t ions 
in the top and bottom p hases are given by the junctions of the straight 
line , (the ti e -line ) throug h the point , with the binodial . The top 
phase h as a h igh r con centration of PEG and lowe r concentration of D , 
whereas the reverse holds for th bottom p hase . 
The partition of ce lls b e tween the p hases depends on the relative 
affiniti es of the me mbrane surface to the polymers constituting the top 
and bottom phases , and to the cell ' s adsorption at the interface . 
0 
0 
0 
-0 
() 
UJ 
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5 10 15 20 25 
% Dextran T 500 
FIG . 3 . 1 Binodial of the PEG 6000 , Dextran TS00 system . 
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The addition of appropriate salts to the system can produce an 
electrostatic potential difference between the phases , by unequal 
distribution of the salts between the 2 phases (Reitherman et al. , 1973). 
Such a charge differentiation between the phases increases the separation 
of cell t ypes which differ in terms of surface charge . The extent of 
the potential difference produced depends on the particular salt used, 
the concentration of the salt, and the distance of the phase system from 
the critical point . In this study , kP0 4 
buffer used in every phase 
system creates a potential between the phases such that the upper is 
positive relative to the lower. In contrast NaCl gives a reversed 
potential. Thus by adding NaCl to a kP0 4 system the potential created
 
by the kP0
4 
can be reduced and converted to a phase system with no potential 
or even a negative upper phase . 
Selection of Phase System: -
Single-tube experiments were conducted to determine a suitable phase 
system for partition of NS-1 protoplasts. Polymer concentrations and 
NaCl concentrations (from Oto 50 mM) were varied , whilst the kP0 4 buffer 
at pH 7.8 (containing 13% sorbitol for osmotic buffering of protoplasts) 
was kept constant at 10 mM. The effect of temperature , and molecular 
weight of PEG (either 4000 o r 6000) on partition , were also studied. Stock 
solutions of the polymers were prepared, as follows, and stored at 4°C. 
(a) Dextran :- Dextran TSOO (Pharmacia Fine Chemicals, average 
molecular weight 500 , 000) is hygroscopic, so that a 20% (w/w) 
solution was prepared by weighing approximately 220 g D, and 
making it up to 1 kg with water. The exact concentration was 
determined by po l arimetry . 
(b) Polyethylene Glycol:- Both PEG 4000 and 6000 (from Union Carbide) 
were used, and 40% (w/w) stock solutions were prepared. 
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For each single-tube experiment, a total phase system of 3.2 g 
(quantities for phase systems are usually determined by weight) was 
prepared from stock solutions . 0 . 8 ml protoplasts (at approximately 
5 10 /ml) were added to each tube to made a 4 g system and the capped 
tubes were then inverted 30 times and left to settle for 15 mins. 
Once separation was achieved , 1.5 ml of top phase was removed , 
diluted with 1 . 5 ml phosphate buffer , mixed , and the optical density at 
440 nm was determined . 2 . 5 ml buffer was added to the bottom phase and 
mixed before 0 .D. determination . Top and bottom phase volumes were 
determined by weight . 
The partition ratio is expressed as the percentage of the tota l cells 
in the top phase . Calculations were performed as follows: -
Amount in Top Phase AT x dilution factor (2)x top phase volume 
Total Amount E X + y 
Where X = AT X 3 (1. 5 ml + 1.5 ml) 
B (2 . 5 ml bottom phase volume) y = A X + 
in top phase 
AT X 2 x top phase volume 100 % = X EX + Y 
AT = absorbance reading of top phase . 
B A = absorbance reading of bottom phase . 
Countercurrent Distribution:-
For more efficient partition of protoplasts , the method of countercurrent 
distribution , which is a multistage procedure , was used . The principle of 
counter current distribution is described in many books and reviews e . g. 
Craig ( 1960) . The thin-layer apparatus (previously described by Albertsson, 
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1971) , consists of 2 p l exiglas plates with 120 concentric cavities. The 
bottom plate , which has 60 cavities of 0 .7 ml capacity, is fixed to a 
platform which has a driving motor for shaking , and the top plate , which 
also contains 60 cavities (which are open at the top to permit loading and 
emptying of phase system and sample), is free to rotate above this. A 
tightly fitting cover is placed over the top plate . By rotation of the 
top plate relative to the lowe r plate , each cavity of the upper plate can 
successively be brought into coincidence with each cavity of the lower 
p late. 
3. 2. 
A diagrammatic repres e ntation of the apparatus is shown in Fig . 
The selected phase syste m (6.3% D TS00, 6 . 3% PEG 4000 , 10 mM kP0 3 pH 7.8, 
13% sorbitol , 10 mM NaCl) was prepared , and allowed to settle overnight. 
0.6 ml of th e bottom phase was added to each bottom cavity of the partition 
block, and 0 . 6 ml of th e top phase was added to each of the top cavities. 
Cavities 0 and 30 were left empty . To 6 g of the remaining phase system , 
1. 6 ml protoplasts ( at approximately 2 x 105 /ml) · in kP0 4 buffer with 
13% sorbitol, were added and mixed-1 . 2 ml of this mixture were added to 
e ach of cavities 0 and 30 . By adding samples to both of th ese cavities , 
and performing only 30 rotations , 2 distributions were obtained . In this 
study rotation was performed manually s ince an a utomati c device , as 
described by Albertsson , was not available . 10 min after addition of the 
samp les , the partition block was shaken for 30 sec and left to settle for 
8 min . The top plate was the n rotate d so that each top phase was trans-
ferred to the n e xt bottom cavity , and the whole block was again shaken 
for 30 sec and l eft to settle for a further 8 min before moving to the 
next chamber . 30 transfers were performed in this way and the temperature 
was maintained at 20°C (+1° C) throughout the experimental period . After 
IJJ Lower plate 
( ove rhead view ) 
b 
Side view 
~~ :: ____ ------- ---- ------- --~9 I Circularcover 
II Top plate 
b ~ ------- III Lower plate 
~ IV Base 
~-------------- I 
FIG . 3 . 2 Diagram of the countercurrent distribution apparatus . 
a= upper cavity , which contains the top phase, and is open at 
the top to facilitate filling and emptying . 
which contains the bottom phase (2 mm d epth) . 
b = lower cavity 
By turning the upper plate r e lative to the lower plate 
each cavity of the rotor can be successively brought into 
coincid nee with ach cavity of the lower plate . 
seque nce of partition cells is thus fonned . 
A circular 
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30 transfers had been performed , 1 . 2 ml 10 mM kP0 4 buffer was added to 
each chamber , and the block was shaken for 1 min . This was done in 
order to break the phase system. A circular fraction collector, 
containing 60 centrifuge tubes , was then placed over the top plate and the 
who le partition plate was inverted to allow cavities to empty into the tubes. 
Optical densities at 400 nm were determined for every second tube and a 
plot of these readings against samp le number was prepared. Where more 
definition of the produced curve was required, optical densities for inter-
mediate tube were also determined. 
Where good partition was obtained, in both single-tube experiments, and 
for countercurrent distribution, samples were centrifuged, and washed free 
of po lymer severa l times in PWB , and then fixed in 3:1 ethanol:acetic acid 
(containing 13% sorbitol) ready for Feulgen staining and DNA content 
determinations by microspectrophotometry. 
3.3 RESULTS 
3.3 .1 Ce ll Cycle Studies on CAPT Protoplasts 
Fig. 3.3 shows the DNA profile of C. capillaris leaf mesophyll cells, 
and the corresponding profile of the derived protoplasts. For each 
histogram, 100 measurements have been incorporated . A monophasic profile 
is obtained in both samples , and the DNA contents clustered around this single 
peak ar most c l osely equivale nt in value to G1 DNA contents observed previously 
in CAP T cells (sec densitometric data in Chapter 2) . Thus, cells, in the 
l eaf tissue seem to be arrested in the G1 state, and the derived protoplasts 
are consequently all in G1 -
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Results of an experiment using pre and post labelling techniques 
(described in the Materials and Methods Section) to study the cell cycle 
in CAPT protoplasts , are p r esented h ere . DNA profiles of pre-labelled 
cells and protoplasts are r eco rded in Fig . 3.4, and labelling and mitotic 
indices for both pre-labelled and post-labelled cells and protoplasts are 
recorded in Table 3.2 , and the labelling indices have also been plotted 
(Fig . 3 . 5) . 
TABLE 3 . 2 
Sample Mean Labelling Index Mean Mitotic Index 
+ S . E . M. + S.E . M. 
Pre 0 h 0 . 065 + 0 . 001 0.058 + 0 . 011 
Pre 5 . 5 h 0 . 057 + 0.02 
Pre 12 h 0.163 + 0.004 close to z e ro 
Pre 17 h 0 .182 + 0 . 003 close to zero 
Pre 32 h 0.156 + 0.001 close to zero 
Pos t 0 h not yet labe lled 0 . 059 + 0.007 
Post 5 . 5 h 0 close to zero 
Pos t 12 h 0.027 + 0.01 close to zero 
Pos t 17 h 0.03 + 0 . 007 close to zero 
Post 33 h 0 . 0065 + 0 . 0008 close to zero 
Fig . 3 .4a s hows the DNA profile of Cl\PT cells prior to protoplast 
isolation . Cells of all cycle stages are represented . The DNA contents 
of flash labe lled cells , however, are clustered into one peak of values 
between the G1 and G2 p
eaks (see Fig. 3.4b) . The DNA contents of the 
labelled population is followe d during enzyme isolation and culture , as 
shown in Figs . 3 . 4 c + f. At 5 h , whilst the cells are still in enzyme , 
the DNA content profile is similar to the Oh sample , indicating that no 
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obvious progression through the cell cycle has occurred . By 12 h, just 
after enzyme removal, there is more spread in DNA values at either end 
of the distribution, indicating that the protoplasts may have begun to cycle 
agai n. This increased spread in DNA contents is also apparent in the 17 h 
and 32 h samples . In the 12 hand 17 h samples, in particular , there 
seems to be more bias towards the G2 peak, as compared with the distribution 
seen in the original cells. This fits with the expected progression of 
the labelled cohort from S-phase into G2 . Thus, the microspectrophotometry 
data indicates that cells cease to cycle during the enzyme treatment, but 
return to cycling after removal of the enzyme . 
This assumption is borne out by data on flash-labelling (post-labelling) 
of protoplasts (Table 3 . 2, Fig. 3.5) . At 5 h , whilst enzyme is still present, 
no labelling occurs , whereas at 12 hand 17 h, the labelling index rises 
again , although not to the same leve l as in the original culture . The 
labelling index has returned to close to zero by 32 h. 
Additional microspectrophotometry data , from an earlier experiment , 
is presented in Fig . 3 . 6. In this experiment , the enzyme was removed at 
15 h . DNA profiles of labelled protoplasts show single peaks, between 
the G
1 
and G
2 
values , whereas the unlabelled protoplasts fall into 2 
distinct peaks , of G and G cells , with a clear gap between the peaks where 1 2 
S-phase cells would fall . This data , then , also suggests that no cycling 
occurs during e nzyme trea tme nt. 
It can be seen , from Fig. 3 . 5 that the labelling indices of isolated 
protoplasts from pre- labe lled cells (i.e. from 12 h in graph) are consider-
ably larger (greater than 2 x) than the original labelling index in CAPT 
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Thus , th e isolation procedure has apparently enriched for labelled 
This obse rvation prompted a study of the DNA contents of isolated 
pro top l asts as compared with the cells remaining undige sted , to see if either 
G
1 
or G
2 
cells are preferential l y r eleased in the isolation process , and to 
look for confirmation of S- phase enrichment . This data (in Fig. 3 . 7) 
indicates that the larger fraction of the undigested population has the G1 
DNA content , whereas the digested population includes cells of all 3 phases, 
and has noti ceab ly more p rotop lasts of G2 DNA content than the original 
CAPT culture. Thus the enzymatic protoplas t isolation tre atment appears 
to p referentially release G2 and S phase cells , although G1 cell
s are also 
re l eased . Thus al l 3 stages are represented in the protoplast population, 
but in different proportions as compared with the original culture . 
Microscopic observation on Feulgen stained CAPT protoplasts revealed 
that the nuclei in some of the protoplasts we r e highly contracted . Previous 
studies on the cell cycle kinetics of the CAPT culture has revealed that a 
fraction of G
1 
" arr sted" cells occurs in this · system (see Chapter 2) . It 
was thus possible that the protop l asts with contracted nuclei were in fact 
in the G1 arrested state
. 
Such simple identification of the cycle s tate of 
th se cell s would be very valuable , and determination of the DNA contents 
of dispersed and contracted protoplasts was therefore undertaken, and the 
results are µres nted in Fig . 3 . 8 . These DNA content profiles , in fact , 
indicate that th s ar not G1 cell s but there are more G2 cells in the 
population with contracted nucl i , and both G1 and G2 stages are represented 
in each nuclea r type . The nuclea r states (i . e . contracted or dispersed) 
could correspond to different stages of the G1 or G2 sequences . 
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3.3.2 Microscopic Examination of Liposomes 
Fig . 3.9 shows electron micrographs of 2 different samples of 
liposomes both composed of 90% phosphatidycholine and 10% phosphatidyl 
serine and prepared as detailed in the Materials and Methods Section. 
In the upper photograph the liposomes are circular in shape as expected, 
and are of fairly uniform size. In the lower photograph many of the 
structures are multilayered indicating that the period o~ sonication 
was insufficient . However, some unilamellar liposomes are also seen in 
this sample and these are similar in size to those in the upper photograph. 
From 100 measurements of the diameters of small unilamellar liposomes in 
each sample, the mean and standard errors of the mean are calculated to 
be 0 . 027 + 0.00068 µ for the upper sample and 0.023 + 0 . 00042 µ for the 
lower sample. The values for the 2 samples thus agree quite closely, 
although the difference is significant. The ranges of diameter size 
are 0 . 015-+ 0. 046 µ for the uppe r sample and 0. 014-+ 0 . 033 µ in the lower 
sample . The mean values are within the range determined by Ryrie (1975) 
in unilame llar phospholipid ves icles, i . e . between 0 . 02-+ 0 . 15 µ. 
3 .3.3 Distribution of Labelled Cholesterol in Liposomes 
-1 -1 Plots of both counts min ml , and optical density readings against 
frac tion number, ~or all 3 liposome types (negatively charged , neutral , 
and positively charged) are presented in Fig. 3 . 10 a-+c . In all 3 plots 
it can be seen that the distribution of labe l along the ficoll gradient 
coincides very closely with the lipid, indicating that the tritiated 
cholesterol has become associated with the liposomes of all 3 types , and 
is quite evenly distributed . Thus, assessment of degree of binding of 
labelled liposomes to protop lasts may be performed using autoradiography. 
FIG . 3.9 (a) Negatively stained unilame llar liposomes of 9 :1 
p hosphatidy lcholine :phosphatidylserine , as viewed under the e lectron 
microscope . 
(b ) Partly sonicated lipid , showing some unilame llar 
liposomes , a long with multilame llar s tructures . 
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3.3.4 Binding of DNA and Liposomes to Protoplasts 
ONA binding:-
Following tre atme nt of CAPT protoplasts with DNA but no, or low 
leve ls (3 µg/ml) of po l y -L-ornithine , no silver grains (i . e . DNA) 
were seen in association with the protoplasts . However , when poly-L-
orn ithine was used at e i t her 20 µg/ml or 200 µg/ml, bind ing of DNA was 
seen in autoradiographs as large si lve r grains over the CAPT proto-
p lasts (Fig . 3 . 11) . Me ans , and standard errors of these means , f or 5 
counts of 100 protoplasts each gi ve fractions of cells binding DNA of, 
0 .30 + 0 . 0 19 in the presence of 20 µg/ml poly-L-ornithine, and 0.32 + 0.019 
in the p r esence of 200 µg/ml poly-L-orn ithine (see Table 3 .3). For the 
samp l e at 20 µg/ml po l y -L-ornithine , flash-labelled cells were used, and 
the mean fraction of labelled (i .e . s - phase) protoplasts binding DNA 
was determined to be 0 . 52 ~ 0 . 013 , which is significantly greater than the 
fract i on of total prot oplasts which show ONA binding (Table 3.3). Post 
labe lling treatments were not successful . 
The amount of DNA binding (i .e . silver grain density) has been 
measured , by microspectrophotometry , for close to 200 labelled protoplasts 
of the 20 µg/ml pol yornithine treatment , a nd related to DNA contents , and 
hence cell cyc l e stage , of the p rotoplasts . Both the 2 wave-length 
me thod and the si lv r remova l method of quantifying silver (see Genera l 
Materia l s a nd Methods) have been used , a nd the results have been p l otted 
(Fig . 3 .12 ). Results from the 2 diffe r e nt microspectrophotometry methods 
appea r to be similar, with silver de nsiti es fal ling within the same range 
(0 -+ 7000) in both cases . Appare nt differences in DNA contents (i . e . 
Fe ulge n de nsity ) may be at tribute d to differences in staining intensities 
FIG. 3 . ll(a) A Feulgen stained auto radiograph of 2 CAPT protoplasts 
(only the nuclei are visible) . The large silver grains attached to 
the l eft hand protoplast are visible indicators of DNA binding to 
this protopl ast . Differences in nuclear state i.e. nuclear size 
and Feulgen density may be related to the differential binding 
observed. 
FIG. 3 . 11 (b) DNJ\ binding, in the form of large silver grains attached 
to a nuclear labe lled , S-phase protoplast . No DNA is associated 
with the more contracted nucle us. 
111. 
TABLE 3. 3 
Poly-L-ornithine 
( µg/inl ) 
Fraction of protoplasts 
showing binding (mean of 
5 counts of 100 proto-
plasts each+ S . E .M.) 
Fraction of prelabelled 
protoplasts (i.e. S-phase) 
showing binding (mean of 
5 counts of 100 proto-
plasts each+ S.E.M . ) 
0 0 
3 0 
20 0 . 30 + 0 . 019 0 . 52 + 0.013 
200 0 . 32 + 0 . 019 
of the 2 slides used. For both sets of data it can be seen that protoplasts 
of all 3 cycle stages , G1
, S , and G2 (very few mitotic figures were seen) 
are r ep r esented in these labelled populations and hence all bind some DNA. 
Means of silver densities for protoplasts in each compartment of the cell 
cycle have been calculated (Table 3 . 4) and these indicate that:-
(i) G2 protoplasts bind more DNA than G1 protoplasts , as 
determined by both methods . 
(ii) S-phase protoplasts show conside rable variability in DNA 
binding , with high mean value by the 2 wave l ength method 
and low mean value for the silver removal method . Such 
variability is probably due to low sample size rather than 
to any real phenomenon . 
The fractions of protoplasts in each cell cycl e compartment have been 
compar e d for the binding populations , non-binding populations (100 measure-
ments each , take n from on of the mi c rospectrophotometry slides) and the total 
population (binding plus non-binding) (s e Table 3 . 4) . These fractions were 
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TABLE 3. 4 
Sample Fractions of protoplast Amounts of DNA binding (i.e. 
samples in each cell silver density) at each cell 
cycle stage cycle stage (means + S . E . M . ) 
Gl s G2 Gl s G2 
Binders 
(i) 2 wavelength 0.61 0.05 0 .34 1784 2802 2200 
method +111 +557 +164 
(ii) silver removal 0 .61 0 . 07 0 . 32 2287 2078 3025 
+128 +515 +222 
-
Non-binders 0 . 63 0 . 03 0 . 34 - - -
Total (binders + 0 .65 0 . 04 0 . 31 
non-binders 
Mean fraction of total protoplasts binding DNA= 0 . 30 ~ 0 . 019. 
Mean fraction of pre-labelled protoplasts (S-phase) binding DNA 0 . 52 + 0 . 013 . 
"Nuclear" area 
(means of 100 + S.E.M.) 
338 . 3 + 11.3 
393.3+11.7 
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obtained from micros p ectrophotome try data and also from DNA profiles for 
all 3 population types, which are presented in Fig. 3 .13. It can be seen 
from thi s data that the r e is little difference in the distribution of cell 
cycl e stages in these 3 populations. There may perhaps be a greater 
number of S-phase protoplasts in the binding populations, but the small 
sample size for this particular cell cycle stage does not allow firm 
conc lusions on this point to be made. It may be that, to some extent , 
S- phase protoplasts are hidden amongst the G1 and G2 populations since 
the low DNA content of CAPT protoplasts makes S- phase difficult to 
distinguish by DNA content from G1 and G2 phase . Mean
 "nuclear areas" 
(i. e . areas over which Feulgen density is recorded) of binding populations 
are considerably smaller than equivalent measurements in non-binding 
protoplasts (Table 3.4 , Fig . 3 . 14) . Perhaps , then, some of the proto-
plasts of the binding populations which appear to be in the G2 
phase , as 
de t e rmine d by DNA content , arc in fact late S- phase protoplasts which have 
a smaller nucle ar area tha n G2 phase protoplasts. 
In conclu s ion, this accumulated data on DNA b inding to CAPT protoplasts 
indicates:-
(i) S-phase protoplasts bind DNA more f requently (52 % bind) 
than the total protoplast population (32% bind). 
(ii) Microspectrophotometry data indicates that G2 protoplasts 
generally bind more DNA than G1 protoplasts , al though less 
than might be expect ed based on surface area differences. 
(iii) The fractions of G1 and G2 phase protoplasts in the binding 
population do not deviate considerably from normal i . e . 
total population . 
113. 
Liposome binding:-
Binding of liposomes to both CAPT and NS-1 protoplasts was seen as 
large silver grains attached to protoplasts in autoradiograph preparations 
(see Fig . 3.15). For all 3 liposome types used , no binding was achieved 
in the abse nce of poly-L-ornithine or at low levels (3 µg/ml) of poly-L-
ornithine . Between 30% and 40 % of CAPT protoplasts showed binding for 
all 3 types of liposomes in th e presence of 20 µg/ml poly-L-ornithine (see 
Table 3.5). S imilarly, 32% of NS-1 protoplasts had bound negatively 
charged liposomes . A cons ide rably highe r fraction of CAPT protoplasts 
showed binding with positively charged and neutral liposomes than with 
n egatively charged liposomes , and slightly less binding was achieved with 
protoplasts from flash labe lle d c e lls (i . e . S- phase protoplasts) than for 
the total population with both n e utral and positively charged liposome s 
(see Table 3.5) . All meas ureme nts recorded in Table 3.5 are means of 
5 counts of 100 protop l asts each . 
Further analysis was made on the binding of negatively charged 
liposomes to both CAP T and NS-1 , in the presence of 20 µg/ml poly-L-ornithine. 
Using the silver removal method of microspectrophotometry , comparison of 
si lve r density (i . e . amounts of liposome binding ) and DNA contents, and 
hence cell cycle stage , of binding protop lasts of both CAPT and NS-1 
(100 protoplasts each ) has been made . Plots of this data are presented 
in Fig . 3 . 16 . As with DNA binding , this data indicates that all 3 cell 
cycle stages , G1 , S , and G2 (very f ew mitotic figures were seen) are 
represented in the binding populations of both CAPT and NS-1. Mean silver 
densities (i . e . amounts of liposome binding) for protoplast samples in 
each cell cycle compartment have been calculated for both populations (see 
Tab l e 3.6) , and these meas ure me nts i'ndicate:-
a 
b 
FIG . 3 . 15 . Differential liposome binding , as i ndicated by large 
silver grains , with Feulgen stained protop l asts of (a ) CAPT , and 
(b ) NS-1 . 
TABLE 3.5 
CAPT (+0 . 1 ml liposomes) 
Liposome Type 
- vely charged 
neutral 
+vely charged 
CAPT (+0 . 1 ml liposomes) 
Liposome Type 
- vely charged 
NS -1 (+0.5 ml liposomes ) 
Liposome Type 
- vely charged 
Fraction of total protoplasts 
showing binding (mean of 5 counts 
of 100 protoplasts e ach~ S . E . M.) 
0 . 346 + 0 .0035 
0 . 454 + 0 . 032 
0 . 448 + 0 . 035 
0 . 384 + 0 . 015 
0 . 326 + 0.042 
Fraction of pre-labelled protoplasts 
(i . e . S- phase) showing binding (mean 
of 5 counts of 100 protoplasts each 
+ S . E . M.) 
0 .418 + 0.03 
0 . 384 + 0 . 0098 
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(i) NS-1 protoplasts consistently bind greater quantities 
(approximate ly double) of the negatively charged liposomes 
as compared with the CAPT protoplasts . 
(ii) 
(iii) 
G2 protoplas t s bind more liposomes than G1 
protoplasts in 
both CAPT and NS-1 populations . 
S-phase protoplasts bind at levels closer to G1 than to G2 . 
The fractions of protop l asts in each cell cycle compartment have been 
compared for binding popul ations , non-binding protoplasts (100 measurements 
each from microspectrophotometry slides) , and the total population (binding 
plus non-binding ) (Table 3 . 6) . These fractions we~e obtained from 
microspectrophotometry data and also from DNA profiles of all 3 population 
types , which are presen t ed in Fig. 3 .17. This data indicates that in both 
CAPT and NS-1 , binding populations have a greater number of G2 ' s and 
fewer G
1
' s than the other populations . There may also be fewer S-phase 
protopl asts in the binding population of NS - 1 . Unfortunately the cells 
used in binding negatively charged liposomes were not pre-label l ed , so 
that no data is availab l e on the frequency of binding in an S- phase 
population as compared with the total population . 
There are no significant differences in "nuclear areas" between 
binding and non-binding populations of NS-1 or CAPT (Fig. 3 . 18). 
In summary liposome binding data indicates :-
(i) All 3 liposome types require po l y-L-ornithine for binding 
to protoplasts . 
(ii) S-phase protoplasts of CAPT bind pos itively charged _and 
n e utral lipos omes less frequently than the total population. 
cycle phase G1 s G2 
fraction 0.52 0.06 0 .41 
mean silver 2117 .1 2419 3216 
.±. S.E.M. 
.±. 195 .±. 5 25 .±. 341 
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FIG. 3 .16 Th binding of la llcd negatively charged liposomes , 
in the presenc of 20 µ g/L poly-L- orni thine , (i . e . silver d ensity), 
t o (a ) 100 C~PT protoplasts , and (b) 100 NS-1 protoplasts of 
diff rent cell cycl e stages ( as assessed by DNA content). Silver 
d e nsi ics w re de 0rmi n d using the silver r e moval method. 
TABLE 3 . 6 ANALYSIS OF LIPOSOME BINDING 
Samp l e Fra_ctions of protoplast Amounts of liposome binding (i . e . "Nuclear" area 
samples in each cell cycle silver density) at each cell cycle (means of 100 
stage stage (means+ S . E . M.) + S.E.M . ) 
Gl s G2 Gl s G2 
CAPT : 
Binders 0 . 53 0 . 06 o. 41 2117 . 1+195 2419+525 3216+341 238.5+7 . 9 
Non- binders 0.64 0 . 06 0.33 243.4+10.2 
Total (binders + 0 . 60 0 . 03 0 . 37 
non- binders) 
NS - 1: 
Binders 0.60 0 . 03 0 . 37 4602 . 8+317 4560+1074 6305+522 623.3+24.7 
Non- binders 0.68 0 . 05 0 . 27 649+21. l 
Total (binders + 0 . 62 0 . 08 0 . 30 
non- binders) 
FIG . 3 .17 
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FIG . 3 .18 "Nuclear areas " of (a) CAP T protop l asts , and (b) NS-1 
protoplasts over which Feulgen density was r ecorded for (i) liposome 
binding populations , and (ii) non-binding populations . 
(iii) 
ll5. 
Fewer G1 phase protoplasts and a greater fraction of G2 
phase protoplasts bind negatively charged liposomes for 
both CAPT and NS-1. 
(iv) G2 phase protoplasts bind more negatively charged liposomes 
than G1 phase protoplasts. This difference is of the 
order of magnitude of the increased surface area expected 
for a G2 p hase p rotop last. 
(v) The frequency of S- phase protoplasts in the binding 
population of NS-1 is perhaps r educed as compared with 
the total population . 
3.3.5 Aqueous 2-polymer Phase systems for Partition of Protoplasts 
Th e results of protoplast partition in phase systems of various 
compositions are r ecorded in Tables 3 .7 and 3.8. The data in each 
table r epresents 2 diffe r e nt studi es o n spearate batches of protoplasts. 
From the first se t of data (Table 3 .7) it can be seen that, using a 
10 mMkPO4 buffer pH 7.8
, 5 % D 500 and PEG 4000 in the range 5% to 9% 
close to 100% of prot opl as ts settle in the top phase , although a 
noticeable decrease in the partition occurs as PEG concentration is 
increased. By adding NaCl at 5 mM a nd 50 mM to the 5% D, 7% PEG phase 
sys t em, a decrease in partition occurs. This partition is greatly 
decreased with 50 mM NaCl (92% l ess in th e top phase) , and much l ess 
so with 5 mM NaCl (11% l ess in the top phase) . 
The e ff ect of temperature on partition was also tested , and the 
r esults are r ecorde d in Table 3 .; and Fig. 3.19 . At room temperature 
increase d partition i s obtained as compared with that obtained at 4°C . 
TABLE 3.7 - RESULTS OF SINGLE TUBE 2-POLYMER PHASE SEPARATION OF NS-1 PROTOPLASTS 
B % Dextran 500 AT B Top Bottom Bottom X(AT x 3) Y (A x [bottom sample E(X+Y) Amount in top % PEG 4000 A volume volume sample volume+ 2.5 ml)) (AT x dil. factor % in top 
volume x top phase volume) 
5 
5 0.516 0.083 1.8 2.0 2.3 1.548 o. 398 1.946 1.858 95.5 
5 
7 0.524 0.085 1.8 2.0 2.3 1.572 0.408 1.980 1.886 95.3 
5 
0 . 469 9 0.112 1.8 2.0 2 . 3 1.407 0.538 1.945 1.688 86.8 
NaCl(mM) 
5 
7 0 0.524 0.085 1.8 2.0 2.3 1. 572 0.408 1.980 1.886 95.3 
5 5 - 0.427 0.132 1.9 1.9 2. 3 1.281 0.634 1.915 1. 623 84.7 7 
5 
7 50 0.021 o. 363 1.8 2.0 2.3 0.633 1. 742 2.375 0.076 3.2 
% Dextran 500 
% PEG 6000 
Te mp . 
5 ('v20°C) 
3.5 0.369 0.277 2.4 room 1.4 2.3 1.107 1.329 2.436 1. 771 72. 7 
5 
4° c 3.5 0.290 0.205 2.0 1.8 2.3 0.87 0.984 1.854 1.16 62.3 
5 
- r o om 0.05 0 . 361 2.0 1.8 2.3 0.15 0.733 1.883 0.20 10.6 4 
5 
4 °c - 0.005 o. 364 2 .15 1.65 2.3 0.015 1. 747 1. 762 0.024 1. 36 4 
100 
80 
Q.) 
• V) 
0 
_c 
Q. 60 
Q. 
0 
t-
40 
C 
~ 
20 
3.5 3.7 3.9 4.1 
% PEG 6000 
FIG. 3.19 Partition of NS-1 protoplasts in 2 different phase 
syst0ms , at room t e mp rature and 4°C . 
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In the second series of single-tube experiments the effect of 
varying NaCl concentrations was more thoroughly investigated on a 5% D500, 
3% PEG 6000 phase system. Results show that the addition of NaCl reduced 
the percentage of p rotoplasts in the top phase, down to zero at NaCl 
concentrations above 30 mM (Table 3.8, Fig . 3.20a). These results are 
thus in agreement with the previous expe riments (Table 3.7). Increasing 
the PEG concentration, in the absence of NaCl causes reduced partition 
(Table 3.8, Fig. 3.20b). 
The overall results of the 2 sets of single-tube experiments indicate 
that partition of protoplasts may be surface charge related since alter-
ation of NaCl concentration and hence the potential difference between 
phases affects the partition . At higher salt concentrations (30 to 50 mM), 
where the potential produced by kP0 4 would b
e reduced, very little partition 
into the top phase occurs . 
A sui table partition for countercurrent distribution is approximately 
80% in the top phase . A partition close to this was obtained in the phase 
system containing 10 mM kP0 4 buffer, 5% D 500, 7% PEG 4000 and 5 
mM NaCl 
(Table 3.7). Sampl es of top and bottom phases of this sytem were Feulgen 
stained , and DNA content distributions for these samples are presented in 
Fig . 3 . 21 . 50 measurements were made on each fraction . Profiles for 
top and bottom phases are similar, although there appear to be more 
protoplasts having the G1 DNA content in the lower phase, and there is 
a gap in th e DNA distribution of this~~;.\~, which indicates that there 
are fewer S-phase cells in this fraction. However, the populations of 
protoplasts in the 2 phases do not display a distinct separation into 
populations at different cell cycle stages . 
TABLE 3.8 - RESULTS OF SINGLE TUBE 2-POLYMER PHASE SEPARATIONS OF NS-1 PROTOPLASTS 
% Dextran 500 NaCl T B Top Bottom Bottom sample X (AT x 3) B E (X+Y) Amount % in % PEG 6000 (mM) A A volume volume volume Y(A x [B.S.V.+2.5) in top top (used mean) (mean value ) (B.S.V.) 
5 
0.775 0.049 1.87 2.2 2. 325 0.230 2.56 2.90 113 0 1. 83 3.0 
[(1.87+1.84) - 1.5) 
5 
5 0.732 0.099 3.0 2.196 0.465 2.66 2.738 103 
5 
10 0.507 0.230 1.521 1.081 2.602 1.90 72.9 3.0 
5 
20 3.0 0.113 0.417 0.339 1.960 2 . 299 0.423 21.6 
5 
30 0.526 0 3.0 0 - - - - - - -
5 
0 
- 40 0 0.513 -
-
- - - - -
3.0 
5 
50 2 . 288 0.0337 1.5 3.0 0.009 0.481 1.87 1.83 2.2 0.027 2.261 
[ (1. 87+1. 84) - 1. 5) 
5 
3.55 0 0.312 0.190 1.28 2.43 2.21 0.936 0.895 1. 831 0.799 43.6 
5 
0 3.70 0.246 0.180 0.738 0.848 1.586 0.630 39. 7 
5 
3.85 0 0.192 0.217 0.576 1.022 1.598 0 .492 30 .8 
5 
4.0 0 1.119 0.228 0.357 1.074 1.431 0 .305 21. 3 
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FlG . 3 . 20 (a) P rccntagc of NS-1 protoplasts in the top phase of 
a 5% 0500 , 3% PEG 6000 , 10 mM kP04 , 13% sorbitol, system , with 
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4
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The single-tube experiments thus give an indication that there 
may be a cell cy c le related partition , but a countercurrent distribution 
is required to give a more effective separation . A phase system 
composed of 10 mM kP0 4 buffer p H 7.8, 6.3% D 500, 6.3% PEG 4000 and 10 mM 
NaCl was us ed . 
Countercurre nt Distribution: -
The plot of optical dens ity against tube number, for the counter-
current distribution is shown in Fig. 3.22. For the first distribution 
i . e . tubes Oto 29 , the r e are 2 very distinct peaks at either end of the 
distribution, and a spread of values g reater than 0 . 2 between these 2 
peaks . Thus , 3 sub-populations have bee n isolated, although the partition 
behaviour of the middle population is rather variable. Samples 2-+ 4, 
12-+ 14, and 20-+ 23 were fixed , in 3 separate tubes, and Feulgen stained 
to look for differences in DNA conte nts of the 3 populations . Samples 
from several tubes were bulked, in this way , in order to obtain larger 
numbers of protoplas ts for DNA content es timation . DNA profiles of 
approximately 50 measurements on each fraction are presented in Fig. 3 . 23. 
For each DNA estimation, the area of the Feulgen positive region is also 
recorded . Thi s gives a rough measure of nuclear size and the logs of 
these values ar p l o tte d a s histograms for each sub-population in Fig. 3.24 . 
It can be seen from Fig . 3 . 23 that the 3 populations are distinguishable 
in t e rms of their DNA conte nt profiles . Whilst the profiles from fractions 
2 4 and 12 -+ 14, are biphasic indicating the presence of protoplasts in both 
the G1 and the G2 
state , the fraction 20-+ 23 shows a monophasic DNA content 
profile . Sine the DNA contents of the sub-population in tubes 20-+23 
are not only clustered into 1 peak but also have DNA contents intermediate 
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FIG . 3 . 22 Optical de nsiti es (i . e . protoplast de nsity) ove r 2 x 30 
tube counte rcurrent distributions of NS-1 protoplasts . The phase 
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FIG. 3 . 23 DNA profiles of Feulgen stained samples from the first 
(i . e . tube O-+ 30) counte rcurrent distribution of NS-1 protoplasts . 
(a) Tubes 2-+ 4 (SO measurements) , (b ) Tubes 12-+ 14 (47 measurements) , 
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samples from the counte rcurre nt distribution of NS -1 protoplasts. 
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in values between G1 and G2 DNA contents , it is sugges
ted that the 
majority of protoplasts in this fraction are in S- phase . Both of 
frac tions 2 + 4 and 12 + 14 have similar G /G ratios (2.1, 2 .4 respectively). 1 2 
The most noticeab l e differences between these 2 populations are: -
(1) Population 2 + 4 has a gap in the DNA profile between the 
G1 and G2 peaks , indica
ting that S phase protoplasts may 
be absent . 
(2) There is a wider spread in DNA values for the G1 peak in 
sample 12 + 14. 
By comparison of Fig . 3 . 23c and Fig . 3 . 24c it can b e seen that 
"nuc l ear areas " of many protoplasts in the fraction 20 + 23 are much larger 
than protoplas t s of s imilar DNA conte nts in other fractions. This gives 
further support to the apparent enrichment for S- phase protoplasts (in 
which nuclei would be expected to be more dispersed) , in tubes 20 + 23. 
Additionally , the protoplasts in fraction 2 + 3 have noticeably smal l e r 
Feuglen area , as compared with the other 2 sub- popul ations . 
Th e second distribution, given by sampl e tubes 30 + 59 , also shows 
separation into 3 populations of protoplasts (see Fig . 3.22). However , 
these peaks are l ess distinct than in the first distribution , so that 
further analys es o n these populations are not presented . 
Less than 1% mitot.ic protoplasts are seen in each of the 6 sub-
populations . 
I n con c lusion , the most important observation of this work is that 
S-phase cells appear to partition differentially , and , in particular, 
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they tend to remain in the top phase, being transferred to the end 
cavities in the countercurrent distribution. There was also an 
indication , in a single tube e xperiment that S- phase cells were prefer-
entially partitioned into the top phase (see Fig. 3.21). Differential 
surface charge of S-phase ce lls, as compare d with G1 and G2 phase 
c e lls, may be an important factor in s uch partition , since a charged 
phase system was used. However, differences in hydrophobi city cannot 
be exclude d, although since memb ranes usually have a high surface 
c harge it is reasonable to assume that cha rge is the main reason for 
the ir distribution. 
3.4 DISCUSSION 
In this chapt er , investigations have b een made on DNA and liposome 
binding to CAPT p r otoplasts, and , for comparison, with protoplasts of 
the norma l (i . e . non tumorous) s uspension cell culture of N.sylvestris, 
NS-1 . Although several authors have reported binding and uptake of 
DNA in plant ce ll s and protoplasts (e . g . Ohyama et al . , 1972; Uchimiya 
an d Murashige , 19 77; Hughes et al ., 1 9 78), Behki and Lesley (1979) point 
out that the t echniques used in such s tudies may provide inaccurate 
information . In particular, many au tho rs have quantified the amount of 
DNA uptake as the amount of undegraded radioactive DNA in samples, 
following protopl ast lys is. As illus tra t e d by the work of Behki and 
Lesley (1979 ) much of this " apparent " inte rnalised DNA may in fact have 
de tache d itself from the outer memb rane and r eattached to cytoplasm or 
cellular organelles during the process of protoplast lysis. An auto-
radiographic approach to studying the fate of foreign DNA in plant cells 
should circumvent this particular problem. However, the report of 
Kool a nd Pe lcher (1978 ), in which autoradiographic techniques were 
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employed , found that no DNA bound to the surface of soybean protoplasts 
but only to whole cells of the culture. Some binding occurred in the 
protoplast suspensions but, on microscopic examination of autoradiographs, 
it was found that silver grains were associated with cell wall debris 
present in the suspension rather than with the protoplasts. Such an 
observation could not have been made using biochemical techniques. 
Contrary to the results of Kool and Pelcher described above, the 
present autoradiographic study shows considerable levels of binding of 
CAPT DNA to CAPT protoplasts , and the work of Gould (personal communication) 
indicated similar leve ls of binding of CAPT DNA to NS - 1 protoplasts. There 
seems to be little difference between a homologous (i . e . CAPT DNA and CAPT 
protoplasts) and a heterologous (i . e . CAPT DNA and NS-l _protoplasts) 
situation, which might suggest that the binding achieved is non-specific 
in nature . Binding of all 3 types of liposomes (negatively charged , 
neutral and positively charged) h as also been achieved with CAPT protoplasts , 
and for negatively charged liposomes with NS-1 protoplasts. 
Many authors have reported an increase in DNA uptake in the presence 
of polycations such as poly-L-ornithine and poly-L-lysine (Suzuki and 
Takebe , 1978; Fernandez e t al ., 1978; Ohyama , 1978) . The addition of 
coppe r or zinc ions further e nhances DNA uptake in the presence of poly-
cations . Behki and Lesley (1 9 79 ) have presented data which indicates 
that th e enhanced " uptake " of DNA is due to the formation of a complex 
between the DNA and lhe polycation , which protects the DNA from nuclease 
attack . Also , Faber et al . , (1975) suggest that the positively charged 
molecules of poly-L-ornithine or poly-L-lysine bind to the negatively 
charged surface of animal cells , thus allowing binding of the negatively 
charged DNA . Using e l ectrophoretic techniques , Nagata and Melchers (1978) 
have shown that the overall surface charge on protoplasts of several species 
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is negative, so that the same type of electrostatic association would be 
expected to apply in plant systems. In agreement with previous reports 
in plants, DNA binding to CAPT protoplasts and NS-1 protoplasts (Gould, 
personal communication) requires the presence of a certain level 
(>3 µg/ml) of poly-L-ornithine . In addition, the binding of all 3 
liposome types to both CAPT and NS-1 protoplasts requires similar levels 
of poly-L-ornithine . It was expecte d that positively charged liposomes 
might bind more readily to the protoplast surface in the absence of 
poly-L-ornith ine . Giles (1978) has previously noticed more efficient 
binding of positively charged liposomes but no data on this aspect was 
presented in his report , so that it is not known if polycations were 
used to induce such binding . It may be that the positive charge on the 
liposomes is n o t displ ay e d o n the oute r surface or is insufficient to pro-
duce attachme nt t o the p rotop last me mbran e . In the case of liposome binding, 
the hypoth s i s o f the f o rmatio n of a "p rote cte d" comple x which has been put 
forward for DNA binding (Be hki and Le sley, 1979) is unlikely to apply and 
e l ectros tati c con s ide ration s are pe rh aps more likely to play a major role. 
Work reporte d in this chapter has also approached the question of 
c e ll cycle r e lated binding of DNA and liposomes to CAPT and NS-1 proto-
plasts . Initial studies on the cell cycle in CAPT protoplasts indicated 
that cycling stops during the enzyme treatment for protoplast isolation, 
so that c lls which are pulse labelled -with tritiated thymidine prior 
to enzyme treatment (these c e lls will be S-phase cells) should still be 
in S-phase imme diately after removal of enzyme . It has been demonstrated 
that NS-1 cells simi larly stop cycling during enzyme treatment (Gould, 
unpublished data). It is thus possible to distinguish S-phase protoplasts 
which will show nuclear labelling on autoradiographs , from the total proto-
plast population , and thus study the binding capacity of this particular 
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cell cycle stage as compared with the whole population . In addition, 
mi crospectrophotometry techniques have been used to measure the quantity 
of binding at different cell cycle stages and comparisons of binding, 
non-binding and total protoplast pop~lations has generated information on 
the fr~ctions of each cycle stage participating in binding. 
Results of the analysis of the binding of CAPT DNA to CAPT protoplasts 
indicate that binding occurs more frequently to S-phase protoplasts 
(labelled population) than to the total protoplast population . Comparisons 
of the fractions of protoplasts in each cell cycle compartment for binding, 
non-binding, and total populations indicate that there is no enrichment for 
either G
1 
or G
2 
phase in the binding fraction . However, the amount of 
DNA binding (i. e . silver de nsities as measured by microspectrophotometry) 
is greater for G
2 
phase protoplast than G1 phase protoplasts. 
It is 
probable that this difference is related to size difference between G1 
and G
2 
protoplasts , although it is noted that the increase in binding 
is less than the expec t e d incre ase in surface· area of G2 protoplasts. 
It is difficult to make assumptions about the quantity of binding to 
S-phase protoplasts from this data since so few examples of this cycle 
stage are included in the analysis . These results , then indicate 
preferential binding to S-phase protoplasts , and, as such , are contrary 
to the r esults of Gould (unpublished data) on CAPT DNA binding to NS-1 
protoplasts , which showed that fewer S-phase protoplasts bind DNA as 
compared with G
1 
or c2 phase protoplasts . 
Results of the liposome binding experiments again point to a differ-
entia l r cspons of S-phase protoplasts . In particular , positively charged 
and neutral liposomes bind less fequently to S-phase (labe lled) CAPT 
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protoplast populations. Equivalent data, using labelled populations, 
is not available for the binding of negatively charged liposomes or 
for NS-1 populations . However, microspectrophotemetry data for binding 
of negatively charged liposomes to NS-1 indicates that there are a 
reduced number of S-phase protoplasts in the binding population. CAPT 
protoplast populations binding these liposomes show less variation from 
the normal distribution as regards the frequency of S-phase protoplasts. 
It must be admitted that in either case , the low numbers of S-phase cells 
recorded in microspectrophotometric analysis make it difficult to draw 
firm conclusions from this data alone. 
An additional phenomenon , noticed with liposome binding, but not 
observed with DNA binding is the greater number of G2 phase protoplasts, 
and smaller number of G
1 
phase protoplasts in the binding populations of 
both CAPT and NS-1 treated with negatively cha rged liposomes. In 
addition , the quantity of binding (i. e . silver density ) to G2 phase 
protop l asts is considerably greater than the binding to G1 phase proto-
plasts for both CAPT and NS-1 treated with negatively charged liposomes . 
This increased quantity of binding is of the order of magnitude expected 
for the increase d surface area of G2 phase protoplasts. 
It is thus 
suggested that the increased fraction of G2 phase protoplasts in the 
binding population is related to the increased capacity for binding at 
this cell cycle stage , which increases the chance of inclusion of these 
protoplasts in the binding population . Increased binding (approximately 
double) also occurs , in all cycle stages , for NS-1 protoplasts as 
compared with CAPT protoplasts . This species difference is obviously 
r lated to the size difference between NS-1 and CAPT protoplasts . Thus , 
size considerably affects the capacity for binding of negatively charged 
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liposomes~ but it is noted that the increased surface area , and hence 
the increased memb rane components, would be expected to produce an 
increased n e t surface charge, so that an e lectrostatic model for the 
mechanism of binding would still be supported by this data. 
The cell cycle r e lated data from these analyses of the binding 
of DNA and liposomes e nables certain conclusions to be drawn. In 
particular, it has been noticed that S-phase protoplasts display 
differential binding capacity (a raised capacity in the case of DNA 
binding to CAPT protoplasts, and a lowe r ed capacity for liposome binding 
to both CAPT and NS-1 protoplasts). This observation fits in with 
previous studies on the binding of Tobacco Mosaic Virus (TMV) to NS-1 
protoplasts, where S-phase protoplasts show a reduced binding capacity 
(Gould et al ., in press) . As previously mentioned, the DNA binding 
process is considered to be at least partly governed by electrostatic 
factors, and liposome binding may also be e xpected to rely on charge 
interactions. It is thus proposed that differential binding at 
different cell cycle stages is related to fluctuations in overall surface 
charge which may occur during cycle progress ion, as has been observed 
with animal cells (Brent and Ferrester, 196 7). In particular, the 
reduced binding capacity at S-phase for NS-1 protoplasts with DNA, 
negative l y charged liposomes , and TMV suggest that there is a reduced 
overall surface sharge at this DNA synthetic stage, which rises in both 
The overall charge may be somewhat larger at G2 than at 
G
1
, as suggested by the increase d capacity for binding at G2 . 
is r epr esented diagrammatically in Fig. 3.25. 
This 
This cyclic fluctuation in surface charge , associated with cell 
cycle stage , is perhaps supported by evidence obtained by Coutts and 
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FIG. 3.25 Prop ose d model for the change in s u rface charge through the 
ce ll cyc l . 
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Grout (19 75) using leaf protoplasts of Nicotiana tabacwn. They observed 
a cyclic fluctuation in surface charge during the initial stages of 
culture of the mesophyll protoplasts , and they proposed that this was 
related to e ve nts in the sequence of de nova cell wall regeneration. The 
addition of cournarin (which apparently delays the onset of division in 
cultured leaf protoplasts) causes delay in the onset of this fluctuation 
in electrophoretic mobility. Thus, an alternative (or additional) 
explanation for these findings could be that the changes in charge are 
related to the progression of protoplasts through the cell cycle stages , 
cycling being arrested temporarily in the cultures with added cournarin . 
Certainly the time scale of change in e l ectrophoretic mobility would 
correspond with the expected ce ll cyc l e duration of plant cells in 
culture . This inte rpretation of the data of Coutts and Grout would fit 
with the findings presented here. 
The binding of CAPT DNA to CAPT protoplasts seems contrary to this 
model , and indicates that the charge woul d be · greatest during S-phase, 
where the frequency of binding is increased. The 2 cycles , the cell 
division cycle , and the cycle of membrane change will be related but 
may become separated in time so that it may be, for example , that the 
expected membrane change which causes a decreased charge at the DNA 
synthetic stage may be d e layed somewhat , causing a high charge at S-phase . 
This may be a r e asonable exp l a nati o n for the preferential DNA binding to 
S- p hase CAPT protoplasts . It is known that the dividing population of 
the CAPT c ulture progresses very rapidly through the G1 phase (see 
Chapter 2 , also Ashmore and Gould, 1979). It may be that the unusual 
kine tics of c 11 cyc l e progression displayed by the CAPT culture causes 
upse t in the cycl e of membrane change. For example , cells which progress 
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very rapidly through the G1 phase into S-phase may stilt retain the 
higher charge of the G1 phase during the DNA synthetic process . On 
the other hand , it may be that the tumorous nature of the CAPT culture 
affects the membran e properties such that they differ from normal cells. 
Certainly, alterations in surface properties , and particularly surface 
charge , apparently occur in animal tumour cells (Forrester et al., 1962; 
Borysenko and Woods , 1979) , and such deviations from normal membrane 
characteri stics might also occur in plant tumour cells . 
Both the DNA and liposome binding experiments required the presence 
of th e polycation poly-L-orni thine , which apparently acts by attaching 
to the negative ly charged s urface of the protoplasts, thus allowing 
binding of negative ly charged DNA or liposomes to the protoplasts . 
These e xperiments therefore provide information on the binding capacity 
of poly-L-ornithine , rather than DNA or liposomes, to protoplasts of 
different cycle stages. Nevertheless , the implications as regards the 
surface properties of protoplasts in different cycle stages are still the 
same . Also, the observations are still of value to an understanding of 
how to perform transformation experiments since polycations will 
pres umably be required to allow the initial attachme nt in such experiments . 
It was noticed that positively charged and neutral liposomes bind less 
readily to S-phase CAPT protoplasts which is contrary to the observations 
on DNA binding to protoplasts of this c ulture . This phenomenon may be 
e xplained by the fact that the charge considerations will be different 
in these cases and perhaps gives further e vidence that the binding process 
is indeed a charge based r eaction. 
In order to try and confirm the mode l of surface charge differences 
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in different cycle stages , the aqueous 2 polymer phase system was used 
to look for differential partition of NS-1 protoplasts (which should 
separate according to surface properties in such a phase system) of 
different cycle stages . The NS-1 culture was used initially since the 
CAPT population would probably yield complex data due to the inclusion 
of the "non-cycling" fraction of this culture . Also, the low DNA 
content of CAPT cells makes S-phase difficult to distinguish by Feulgen 
microspectrophotometry , combined with the fact that S-phase is short 
in duration and the refore only represents a small fraction of the 
population (although it has been shown that enrichment for protoplasts 
in S- phase does occur during protoplast isolation). Obviously a CAPT 
protoplast population should be analysed using a 2 polymer phase system but 
it may perhaps be necessary to use pre-labelled cells to allow recognition 
of S-phase protoplasts . Information gained from countercurrent distri-
bution of NS-1 protoplasts indicates that S-phase protoplasts do in fact 
separate differently from G1 and G2 p
hase protoplasts and thus seem to 
differ in surface properties , probably surface charge , although hydro-
phobicity may play some part in the separation process . Thus , the 
proposed mode l of change in surface charge during cycle progression appears 
to be supported by this data. 
Further work is required in this area and the use of the techniques 
presented here should provide rewarding results in the future . In 
particular , u se of an automatic device for countercurrent distribution 
of protoplasts should achieve better separation . Once the protoplast 
population has been enriched for a particular cell cycle stage by 
countercurr nt distribution , the polymers may be removed, leaving a viable 
population of protop l asts which may be more " competent " for DNA or 
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liposome uptake . Use of a flash labelled population of protoplasts 
for 2 polymer phase separation would provide an extra marker for 
iden t i fication of cell cycle stage of the enriched populations . It 
is noted that the protoplast isolation procedure in the CAPT culture 
already provides enrichment for S-phase protoplasts which are apparently 
more competent for DNA binding , as shown in these experiments . The 
CAPT culture may be a good choice as host material in transformation 
experiments , not only because of low chromosome number , but also since 
DNA binds more frequently at S-phase , and it may be expected that the 
integration of foreign DNA is most likely to occur at the DNA synthetic 
stage . 
Finally, many experimenters have achieved little uptake of DNA in 
leaf protoplasts which are presumably in an "arrested" G1 state . 
Observations of Kool and Pelcher (1978) on cell cultures indicate that 
cultures in the log phase of growth are more susceptible to DNA binding . 
Wetter and Kao (1980) have suggested that it may be necessary to use 
dividing populations for fusion studies since they propose that specific 
combinations of cell cycle stages may provide the most stable hybrid 
material . Similarly , there would appear to be a need to use protoplasts 
from rapidly dividing populations of tissue culture cells for successful 
DNA binding , and the present report further suggests , in line with the 
ideas of Wetter and Kao , the need to enrich for particular cycle stages 
within such dividing populations . 
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CHAPTER 4 
ANALYSIS OF FUSION IN CAPT AND NS-1 PROTOPLAST POPULATIONS 
4.1 INTRODUCTI ON 
The p rocess of somatic cell hybridisation is perhaps the most widely 
used technique in a nimal cell genetics . The hybrid cell es extensively used 
for mapping studies (Boone et al ., 19 72 ) and, by fusing cells which contrast 
in some important property it becomes possib l e to ask questions about 
dominance of control processes , nucleocytoplasmic interactions, and the 
nature of differentiation. Similar p rob l ems may be approached using plant 
tissue culture although less progress has been made in this area with plant 
systems . Maybe much of this work would only serve to reiterate the 
findings in animal systems , but p lant systems do provide the additional 
oppo rtunity to study the effect of changes at the molecular l eve l on the 
who l e organism , by the process of whole p lant regeneration from cell culture. 
Soma tic hybridisation of animal cell s has also been restricted to the use of 
tissue culture populations, where changes in a cell's characteristic properties 
may already have occurred i . e . apparent dedifferentiation takes place in 
the tissue culture e nvironme nt . On the othe r hand, plant protoplasts may 
be obtained from a wider variety of sources , including differentiated tissue 
of the whole plant e . g. leaf , pe tal; from young meristematic cells; from 
haploid cell s of the r eproductive ti ssues ; or from tissue culture systems 
which may be s l ow l y dividing callus growths or rapidly dividing s uspension 
cell cultures . 
Several chemical fusogens have now been described (Luc y , 1978), including 
many lipid soluble subst a nces such as l ysopho sphatidylcholine , and composite 
lipid fusogens in the form of smal l vesicles (liposomes ). Particularly 
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important amongst the water-soluble chemicals that induce cell fusion is 
the polymer , poly (ethylene) gycol (PEG) , which was first employed by Kao 
and Michayluk (1974) to fus e plant protoplasts. PEG is a highly effective 
fusogen , which has been shown to cause fusion between cells/protoplasts 
from widely different sources. In the report by Kao and Michayluk (1974), 
it was shown that in mixtures of Vicia hajastana and Pisum sativum proto-
plasts the frequencies of homoplasmic and heteroplasmic fusions approached 
the theoretical distribution, indicating the effectiveness of PEG in 
inducing fusion at random between different protoplast types. In fact, 
it is possible to fuse animal cells with plant protoplasts e.g. the fusion 
of human cells with Haplopappus protoplasts (Lima-de-Faria et al ., 1977), 
and the hybridisation of Xenopus cells with protoplasts of Daucus carota 
(Ward et al . , 1980 ). In the latter report , the intermixing of the 
membranes of the plant and animal sources occurred within 3 h of the 
initial fusion event, as shown using immunofluorescence to detect animal 
specific membrane components. 
PEG has the general formula HO CH 2 (cH 2- o - cH 2 )n CH 20H , and the 
presence of the ether linkages make the molecule slightly negative in 
polarity . It may be that the long chain of the PEG molecule acts as a 
molecular bridge between the surfaces of adjacent protoplasts , so that 
adhesion , and fusion , occur. Maggio et al . (1976) have suggested that 
a charge reaction may be involve d . They have shown that PEG causes a 
marked reduction in the surface potential of monolayers of phosphatidyl 
choline and phosphatidyl ethanolamine, and if such a reduced potential 
occurs on the surface of protoplast plasmamembranes , extensive aggregation 
of protoplasts would be xpected . 
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The use of liposomes to induce cell fusion has been studied more 
extensively r ~cently. Liposomes offer the advantage that the fusing 
ce lls r emain highly viable, whereas treatment of cells with high 
concentrations of PEG causes extensive cell death with prolonged treat-
ment . Papahadjopoulos et al . (1973) found that negatively charged 
liposomes (containing phosphatidyl choline and phosphatidylserine) were 
most effective in inducing cell fusion , which indicates that a charge 
reaction may again be involved in the fusion process . 
Although the f~sion procedure is itself fairly simple and apparently 
successful between closely related and wide l y separ ated organisms , the 
field of plant somatic hybridisation faces problems related to the 
selection of hybrid cells, the cytological analysis of the hybrid genome , 
and the maintenance of stable hybrids in culture . The lack of genetic 
markers in plant systems has forced workers to use other methods of 
hybrid cell selection which include :-
(i) the use of differential drug sensitivities and media 
requirements of parental types e . g. Power et al . (1976) ; _ 
Power et al . (19 77); 
(ii) 
(iii) 
mechanical methods e .g . Gl eba and Hoffmann (1978); and 
the fusion of wild type protoplasts with albino protoplasts 
e . g . Cocking et al . (1977); Schieder (1978). 
Perhaps the auxin a utotrophic nature of tumorous cel l lines e . g. the 
Cl\PT cell line , could be used as part of a selective system for hybrid 
cells . The use of such low chromosome nwnber species as Crepis capillaris , 
Haplopappus gracilis and Brachycome dichromosomatica would certainly allow 
eas i er cytological ide ntification of hybrid cells, and monitoring of any 
large structural changes in the hybrid genome . 
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The problems of the maintenance of a stable hybrid may be a biological 
phenomenon which cannot easily be avoided e .g . the unidirectional loss of 
crhomosomes of one parental type from hybrid cells is commonly observed in 
animal systems (Weiss and Green , 1967) and has also been noticed in some 
plant systems (Power et al., 1975; Kao, 1977). Wette r and Kao (1980) 
have solved this problem to some extent, in their Glycine max - Nicotiana 
glauca hybrids , where extensive loss of N. glauca chromosomes occurs (Kao, 
1977) . When p rotoplasts of hybrid cells were "back fused" twice with 
N. glauca protoplasts a considerable increase in stability of N. glauca 
chromosomes occurred . It has been suggested by Wetter and Kao (1980) 
that the instability of hybrid cells may be due to incompatibility of the 
original fused cells as r egards cell cycle state. For instance , it is 
known that in animal systems fusion of a mitotic cell with an interphase 
cell may ca·use premature chromosome condensation of the chromosomes of 
the non-mitotic cell (Johnson and Rao, 1970) which perhaps disrupts the 
stability of the affected genome . Wetter and Kao (1980) therefore suggest 
that there may be an "ideal combination" of ce·11 cycle stages which would 
give rise to a stable hyl:rid . Such a possibility could be tested by fusion 
of populations in which every cell cycle stage is represented e . g . rapidly 
dividing cell cultures . Many previous fusion experiments , including those 
of Wetter and Kao (1980) have used protoplasts isolated from leaf material , 
in which all cells are presumably arrested in the G1 stage of the cell 
cycle. 
In summary , the composite cell lines described in this thesis may 
present a good choice for fusion studies for several reasons:-
(i) The tumorous , auxin-autotrophic nature of the CAPT cell line 
may provide part of a hybrid selective system . 
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(ii) The low chromosome numbers of these species allows easier 
identification of hybrid cells and monitoring of the hybrid 
karyotype. 
(iii) The C-banding achieved on CAPT and HA-1 chromosomes, apart from 
allowing more accurate monitoring of hybrid cells, may provide 
markers which correlate with properties of the hybrid cells. 
In addition, C-banding allows recognition of any large structural 
chromosomal rearrangements which may occur in the hybrid genome. 
(iv) The cell lines are all available in the form of rapidly dividing 
suspension cell cultures , so that protoplasts at all cell cycle 
stages may be obtained . 
(v) Some success has been made in culturing CAPT protoplasts to the 
callus stage . 
This chapter , then , reports work which has been directed towards 
producing hybridisation within and between low chromosome number species . 
Although attempts were made to use both the CAPT and HA-1 cell lines , 
for technical reasons only the experiments using CAPT protoplasts were 
successful . NS-1 protoplasts were also used, for comparative purposes. 
Both PEG and negatively charged liposomes have been used as fusogens , 
and , initially , the optimum conditions for PEG fusion of CAPT protoplasts 
were asse ss d . 
In accordance with the id as of producing an II ideal combination 
II 
for 
stable hybrid production , and the possibility that cell cycle stage may 
be an important factor , binucleates have been analysed using microspectro-
photometry and autoradiography to assess the radomness of fusion as regards 
cell cycle stage . Any specificity for certain cell cycle combinations 
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during the initial fusion event may be detected in this way. Since the 
fusogenic actions of both PEG and liposomes may be charge related, and, 
as noted in the last chapter , surface charge on protoplasts may change with 
cell cycle stage, it may be that cell cycle stage affects a protoplast's 
capacity for participation in fusion events , or the type of protoplast 
that it will fuse with . Studies with animal cells have previously shown 
no preferential involvement in fusion of any one particular cycle stage , 
and cell cycle combinations in binucleates were random (Yamanaka and 
Okada , 1966 ; Johnson and Harris , 1969) . However , in this work , with 
animal cells , fusion was induced using inactivated sendai virus which may 
differ in mode of action from either PEG or liposomes. 
Comparison of the results of binucleate analysis using PEG and 
liposomes may allow some ideas to be developed as to the modes of action 
of these fusog e ns . In addition an analysis has been performed on NS-1 
binucleates , induced using Concanavalin A (Con A) . This fusogen may be 
expected to act in a different fashion to e ithe r PEG or liposomes since 
there are specific receptors for binding of Con A on the plasmalemma 
surface . 
4.2 MATERI~LS AND METHODS 
4.2.1 PEG Fusion 
Protoplasts of CAPT and NS-1 suspension cell cultures were isolated 
as described in the General Materials and Methods Section , washed and 
resuspended in Protoplast Washing Buffer (PWB) at approximately 5 x 10
5 
proto-
plasts per ml . A drop of protoplast suspension was then placed on a micro-
scope slide and left for 10 min to allow the protoplasts to settle and partially 
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adhere to the slide . A drop of 40% PEG (Fluka, m.w. 1550) in 20 rnM 
Ca c1
2 
was added to the fusion mixture and left for 5 to 10 min. After 
this time, 5 to 15 volumes of high pH buffer (PWB with 20 rnM cac12 at 
pH 10) were added to the fusion mixture, left for 10 min, then allowed 
to run off the slide before fixing in 75% 3:1 ethanol:acetic acid in 
water with a final sorbitol concentration of 11% to 13%. Protoplasts 
were left in fixative for at least 24 hat 4°C, washed in 3:1 ethanol: 
acetic acid, then stained with Feulgen ready for microspectrophotometry . 
Preliminary experiments were carried out to investigate the effects 
of different levels of PEG and calcium on the fusion of CAPT protoplasts . 
4 . 2 . 2 Liposome Induced Fusion 
Negatively charged liposomes, in PWB, were prepared as described in 
the Materials and Methods Section of Chapter 3. Fusion was carried out 
as with PEG , merely replacing PEG with liposomes in the presence of 20µg/ml 
poly-L- ornithine as the fusogen. 
4 . 2.3 Concanavalin-A Induced Fusion 
Concanavalin-A (N-[acetyl3H] acetylated) (Radiochemical Centre , 
-1 
Amersham , specific activity 35 . 6 Ci/m mol [1.32 TBq m mol ]) , was dissolved 
in 0 . 01 M phosphate buffer at pH 7.0 to give an activity per ml of 
50 µCi [1. 85 M Bq ]. A diluted sample (approximately 1 µCi ) of this 
. 5 
solution was added to 3 ml NS-1 protoplasts (approximately 5 x 10 per ml), 
and gently mixed during a 10 min. period . After 10 min, the protoplasts 
were pelleted by centrifugation for 5 min in a bench centrifuge. The 
pe lle t was then resuspended in 3 : 1 ethanol:ace tic acid containing 13% 
sorbitol. Protoplasts were Feulgen stained and autoradiographs were 
prepared as previously described (Generai Materials and Methods Section) · 
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4.2.4 Pulse Labelling and Autoradiography 
Pulse-chase labelling was performed on certain of the cell populations 
used for fusion, prior to the addition of protoplast releasing enzyme. 
This was p e rformed , as described in the Materials and Methods Section of 
Chapter 2 , and allows the identification of S-phase protoplasts. Auto-
radiographs were prepared using stripping film , in the usual manner. 
4.2.5 Analysis of Binucle ate s 
DNA c onte nts (and hence ce ll cycle state) of nuclei in binucleates, 
which result from PEG, liposome or Con A induced fusion, were determined 
on Feulge n stained preparations , as described in the General Materials 
and Methods Section . From DNA profile s of popul ations of binucleates 
and unfuse d protop lasts on the same slide , approximate fractions of 
protoplas ts in e ach cycle stage (i . e . G1 ; S ; G2 [very few mitotic figures 
we re se en)) we r e de termine d for the 2 populations . Where pulse-chase 
labelling was p e rforme d , S-phase protoplasts were identified as those 
which we r e labe lle d. Comparison of the fused and unfused populations 
allows asse ssme nt of any pre f e rential involvement of any particular cycle 
stage in fus ion e ve nts (at l e ast the formation of binucleates) . Using 
the DNA conte nts , and h e nce cycle stages, of the fused population , the 
e xpe cted frequenci e s of each c e ll cycle combination (e.g. G1/G1 ; G1/S; 
G
1
/G
2 
e tc.) in the binucle ate pop ulation can b e determined for a situation 
where fusion occurs at random, with no specificity for the fusion of like 
cell cycle combinations. These e xpe cte d values have been compared with 
the obse rve d frequencies of e ach combination in the binucleate populations 
and x2 t es t s h ave been pe rfo rme d to assess the degree of closeness of fit 
of this " random" mo de l o f fus ion . 
The s e analyse s have be en performe d on CAPT protoplast populations 
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which we r e f u sed with PEG , a nd NS-1 prot oplast popul a tion s wh i ch we r e 
fuse d with PEG , liposome s a nd Con A. 
4 . 3 RESULTS 
4 . 3 . 1 PEG Fusion 
Preliminary r e sults on the fusi on of CAPT protoplasts (i.e . to 
produce h omok a ryon s ) p r e s e nte d in Table 4.1, indicate that high levels 
of fusion are achieved a t con centra tions of PEG of 30% and over . Below 
this con centration of PEG vi r tually no clumping of protoplasts was seen. 
An increase d PEG conce ntration of 40 % or 50% produced little difference 
in the deg r ee of fusi o n obse rve d and 55 % of protoplasts remained viab l e 
e ve n afte r a 30 min tre atme nt with 50 % PEG . With an increased concen-
tration o f CaC 1
2 
in the 40% PEG f u s i on mixture (i . e . 30 mM rather than 
3 mM ), p r o t op l as t s appeare d to b e hea lthie r than at the lower calcium 
l e ve l , a nd viability (a s indicate d by the e xclusion of Evan ' s Blue dye) 
was in f a ct high e r tha n at 3 mM Cacl2 . 
In the absence of calcium no 
fusion was seen afte r 30 min. The fu s ion p roce dure adop ted , a n d descri bed 
in the Mate ria l s and Me thods Se ction , involve s the use of 40 % PEG in 30 mM 
cac 1
2 
for 5 min. This fusion tre atme nt was shown to be successful in 
inducing the forma ti on of b o th homokaryo ns (i . e . CAPT/CAPT or NS - l/NS- 1) 
o r he t e r okaryo n s (i . e . CAPT/ NS-1) . 
4 . 3 . 2 Binuc l eat e Analyse s 
4 . 3 . 2 . 1 PEG Fus ion 
Tab l e s 4 . 2 and 4 . 3 indicate a pproximate fractions of prot oplasts in 
e ach c e ll cycle s tage o f the fused (i . e . bin ucleate ) and unfused p op ulations 
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TABLE 4.1 
Treatment Degree of Fusion Viability at 30 Degree of Fusion 
after 30 min. min. (Evans Blue) after 60 min . 
3 mM CaC12 :-
Control 65% + 
10% PEG 64% + 
20% PEG + 59% + 
30% PEG +++ 58% +++ 
40% PEG +++ 57% +++ 
50% PEG +++ 55% +++ 
No Cacl2 :-
40% PEG 65% + 
30 mM CaC12 :-
40% PEG +++ 88% +++ 
no clumping 
+ small number of fusions observed . 
+++ very heavy clumping 
from 4 _analyses for NS-1 and 2 for CAPT , respectively . Analyses A and C 
of NS-1 represent 2 different fusion experiments which necessarily involve 
different batches of protoplasts whereas analyses B(i) and B(ii) are 
obtained from 2 different slides prepared from the same protoplast batch . 
The 2 analyses on CAPT are from separate fusion experiments with different 
batches of protoplasts . It can be seen that the fused NS-1 populations 
TABLE 4.2 NS-1 PEG FUSION 
Anal ysis Population Type Fractions in each cell cycle stage 
Gl s G2 
A fused (n == 156) 0. 72 0.16 0 . 12 
unfused (n == 49) 0 . 63 0.10 0.27 
control (i . e . before 0.68 0.09 0.23 
PEG addition) (n == 99) 
B ( i ) fused (n == 122) 0.73 0.06 0 . 21 
unfuse d (n == 50) 0 . 66 0 . 08 0 . 26 
B (ii) fused (n ::: 142) 0 . 67 0 . 18 0 . 14 
C fused (n ::: 264) 0 . 70 0 . 13 0 . 16 
mean of fused+ SEM o. 705+0 . 013 0 . 133+0 . 026 0 . 158+0 . 019 
mean of unfuse d + SEM 0 . 645+0 . 015 0.09 +0.01 0.265+0 . 005 
TABLE 4 . 3 CAPT - PEG FUSION 
Analysis Population Type Fractions in each cell 
cycle stage 
Gl s G2 
A fused (n == 50) 0.68 0 . 08 0 . 24 
unfuse d (n ::: 102) 0 . 61 0 .16 0 . 23 
B fused (n =-: 202) 0 . 68 0.13 0 . 19 
unfused (n - 101) 0 . 74 0 . 05 0 . 21 
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contain slightly larger fractions of both G1 and S-phase protoplasts, 
a n d _ considerably smaller fractions of G2 phase protoplasts , as compared 
with the unfused populations. Thus , G2 protoplasts appear to participate 
less frequently in fusion events , causing the apparent "raised" fractions 
in G
1 
and S. Pulse-chase labelling was performed on sample C and it can 
be seen that there is good agreement between S-phase fractions determined 
by labelling , in this analysis, and those fractions obtained by DNA 
content measurements in the other analyses (see Table 4.2) . 
The 2 separate analyses on CAPT protoplasts seem to be conflicting, 
but , since analysis A relies on only 25 binucleates, it may be most 
appropriate to consider only analysis B , where 100 binucleates have been 
measured . From this latter set of data, it can be seen that considerably 
more S-phase protoplasts and fewer G1 phase protoplasts are present in the 
fused population, as compared with the unfused population . Thus , S-phase 
protoplasts may preferentially partake in fusion , as compared with other 
cycle stages. In this analysis pulse-chase labelling was not performed , 
so that fractions of S-phase protoplasts were determined by DNA content 
alone , and may thus be open to error . However, NS-1 data showed good 
agreement between S-phase identification by DNA content alone , or by the 
presence of label . 
Figures 4 . 1 -+ 4 . 3 show e xamples o f Fe ulgen stained NS-1 protoplasts 
populations which have undergone the PEG fusion treatment . In Fig. 4 . 1 , 2 
binucle ate p rotoplasts are indicate d. Only those protoplasts which have no 
visible cell me mb rane be tween 2 nuc l e i are considered to be binucleates 
( t loph ase nuc l e i are o f c o urse al so e x c lude d from the analysis) . Whereas 
the binuc l e ate in th e centr of the p icture appears to contain 2 nuclei i n l ike 
FIG . 4.1 PEG-fused NS-1 protoplasts with Feulge n staine d nucle i . 
FIG . 4 . 2 PEG fused NS-1 protoplasts with Feulgen stained nuclei . 
FIG. 4 . 3 PEG- fused NS-1 protoplasts with Feulgen stained nuclei . A binucleate with one 
l abelled (i . e . S-phase) and one unlabelled nucleus is seen at the bottom of the figure . 
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cell cycle stages , probably both in G1 , the binucleate on the right 
hand of the photograph seems to contain 2 nuclei in unlike cycle stages, 
probably G2 and S . In the case of the central
 binucleate the nuclei 
are touching, and perhaps beginning to fuse already only 5 to 10 min 
after the initial fusion event . Fig. 4.2 includes one binculeate in 
which the nuclei are probably both in G1 , and these nuclei are again 
touching, as if r eady to fuse. Fig . 4.3 includes an example of a 
binucleate in which one nucleus is labelled (i. e . in S-phase) and the 
other is unlabe lle d and probably in G1 . Thus, it can be seen from 
these 3 photographs that both like cycle stages and unlike cycle stages 
participate in the formation of binucleates in various combinations , but 
it may b e that nucle i in l ike cyc l e stages undergo fusion more readily 
once in a common cytoplasm. Confirmation of this latter observation 
would obviously require a much more detailed survey. 
Binucleat e analysis h as allowed quantification of the expected and 
obse rve d numbers of binucleates in like /like (-i .e . G1/G1 ; S/S; G2/G2 ) 
and like/unlike (i . e . G1/G 2 ; G2/s; G1/s) cycle stages, and, therefore, 
assessment of the degree of randomness of fusion with respect to nuclear 
cycle stage . x2 t ests are shown in Table 4 .4 and Table 4.5 for NS-1 and 
CAPT populations , and it can be seen that the cell cycle combinations G2/s; 
G
2
/G
2
; S/S have been bulked in the analyses since expected values for 
these combinations e a ch fall below 5 . In all 4 separate analyses on NS-1, 
some de viatio n from absolute randomness occurs , analyses A and B(ii) 
deviating considerab ly more than the other 2 analyses. Analysis C is 
probably the most accurate , since pulse-chase labelling was used to 
ide ntify S-phase protoplasts , and this gives a probability of between 
0.1 and 0.5. Although absolute randomness is not observed, fusion between 
TABLE 4.4 NS-1 PEG FUSION 
ANALYSES OF BINUCLEATES (including x2 tests) 
Analysis Cell Cycle Observed Expected Deviation Deviation 
2 
Combination number number Expected 
A Gl/Gl 47 40.4 6.6 1.08 
G1/s 12 18.0 -6 2.0 
Gl/G2 7 13.5 -6.5 3 . 13 
G2/G2 4 1.12 2.88 7.41 
G2/s 3 2.99 0 . 01 0 . 003 
S/S 5 2.0 3 4.5 
*others 12 . 6.1 5.9 5. 71 
x2 (1.08 + 2.0 + 3 . 13 + 5 . 71) = 11. 92 
with 3 d . f. pis close to 0.01 (11. 34) 
B(i) Gl/Gl 35 32 . 5 2 . 5 0.19 
G1/s 3 5.34 -2.34 
1.03 
Gl/G2 16 18.7 -2.7 o. 39 
G2/G2 4 2 . 69 1. 31 0.64 
G2/s 2 1. 54 0.46 
0.14 
S/S 1 0 . 22 0.78 2.77 
. others 7 4.45 2 .5 5 1.46 
x2(0.19 + 1.03 + 0 .39 + 1.46) = 3 . 07 
with 3 d . f. p is between 0.1 (6. 25) and 0.5 (2. 37) 
B (ii) Gl/Gl 39 31. 87 7.13 1.59 
G1 /s 4 17 .13 -13.13 
10.06 
Gl/G2 12 13 . 32 -1. 32 0.13 
G2/G2 2 1. 39 0 . 61 0 . 27 
G2 / s 4 3.58 0.42
 0 . 05 
S/S 9 2 . 30 6.7 19.52 
others 16 8 . 68 7.32 ,6 .17 
x2(1.59 + 10.06 + 0 . 13 + 6 .17) = 17.95 
with 3 d . f. p<0 .001 
Continued 
TABLE 4 . 4 Continued 
Analys i s Cell Cycle Observed Expected Deviation Deviation 
Combination number number Expected 
C Gl/Gl 66 62 . 41 3.59 0 . 21 
G1/s 18 22 . 91 -4.91 1.05 
Gl/G2 8 10 . 27 -2.27 0 . 50 
G2/G2 5 4.21 0.79 0 . 15 
G2/s 1 3.77 - 2 . 77 2 . 04 
S/S 2 0.85 1.15 1. 35 
others 8 4 . 41 3 . 59 2 . 92 
x2 (0.21 + 1.05 + 0 . 5 + 2 .92 ) = 4 . 68 
pis between 0 . 1 (6 . 25) and 0 . 5 (2 . 37) 
* G2
/s and S/S have been grouped under "others" 
since expect ed values fall below 5 in each case. 
2 
TABLE 4.5 CAPT PEG FUSION 
ANALYSES OF BINUCLEATES (including x2 tests) 
Analysis Cell Cycle Observed Expected Deviation Deviation 
2 
Combination number number Expected 
A Gl/Gl 14 11. 56 2.44 0 . 52 
G1/s 5 8.16 -3.16 1.22 
Gl/G2 1 2. 72 -1. 72 1.09 
G2/G2 3 1. 44 1.56 1.69 
G2/s 1 0.96 0.04 0.002 
S/S 1 0 .16 0.84 4.41 
others 5 2 . 56 2 .44 2.33 
x2 <o.52 + 1.22 + 1.09 + 2. 33) = 5.16 
with 3 d. f. p is between 0 .1 (6.25) and 0 . 5 (2. 37) 
B Gl/Gl 52 46 .7 5.3 0 .60 
G1/s 19 26.1 -7.1 1.93 
Gl/G2 15 17 . 9 -2.9 0.47 
G2/G2 8 3.65 4.35 5.18 
G2/s 4 4.99 -0.99 0.20 
S/S 3 1. 71 1. 29 0 . 97 
others 15 10 . 35 4.65 2.09 
x2 co .6 + 1.93 + 0.47 + 2.09) = 5 . 09 
with 3 d. f. pis between 0.1 (6.25) and 0 . 5 (2 .37) 
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cycle stage s is certainly not specific. Howeve r, it is interesting to 
note that there are always more like/like combinations than expected (as 
indicated by the positive nature of the deviation in each of the analyses), 
and fewer like/unlike combinations than expect ed (as indicated by a 
negative de viation in each of the analyses, at l east for G1/s and G1/G2 
combinations). Thus, although fusion be tween different c e ll cycle stages 
occurs in a close to random fashion, s uch deviation from randomness as 
exists, is direct ed towards like/like fusions . 
In the a n a l y s es of CAPT binucleates (Table 4.5), a similar degree 
of deviation f rom absolute randomness occurs , again due to a tendency 
for like/like fusions t o occur more freque ntly than expected. 
It i s noticeable that t he ca t egory "others" in both the NS-1 and CAPT 
analyses contribute a large part of the x2 values in each analys i s . However , 
removal of the value , and hence the loss of one degree of freedom makes little 
difference to the degrees of fit of the " random " model , in each analysis. 
4.3.2.2 Liposome Fusion 
Re sults of an analysis of liposome (negatively charged) induced fusion 
of NS-1 protoplasts are p r esente d in Table 4.6. In this experime nt, tritiwn 
labe lled liposomes we r e us e d, and both the fus e d and unfused populations 
which have been measured inc lude only those protoplasts which have some 
labe l (i . e . liposome ) bound to th mcmbrunc , thereby excluding any f us ions 
which might arise spontaneously. The approximate fractions (nuclear 
labelling was not used) o f these populations in G1 ; S; and G2 phase have 
b een estimated using microspectrophotome try. From this data, it appears 
that more G
1 
p hase protoplasts , and f ewer G2 phase protoplasts are present 
TABLE 4 . 6 NS-1 LIPOSOME FUSION 
ANALYSIS OF FUSED AND UNFUSED POPULATIONS 
Population Fraction in each 
Gl 
fused (n = 136) 0.48 
unfused (n = 115) 0 . 38 
BINUCLEATE ANALYSIS (including x2 test) 
Cell Cycle 
Combination 
G /G 
I 1 
G /S 
I 
G/G 2 
G/G 2 
G/S 
S/S 
Obs erved 
number 
24 
8 
7 
19 
4 
6 
Expected 
number 
15.67 
10 . 44 
23 . 50 
8 . 81 
7 . 83 
1. 74 
Deviation 
8 . 33 
-2 . 44 
-16 . 50 
10 . 19 
-3 . 83 
4 . 26 
cell cycle 
s 
0.16 
0 . 16 
. . 2 Deviation 
Expected 
4 . 43 
0 . 57 
11.59 
11 . 79 
1. 87 
10 . 43 
x2 (4 . 43 + 0 . 57 + 11. 59 + 11. 79 + 1 . 87) = 
with 4 d . f. p<0.001 
stage 
G2 
0 . 36 
0 . 46 
Mean Silver 
density 
+ S.E . M. 
14 . 08 + 2 . 36 
12 . 88 + 4 . 72 
15 . 29 + 5 . 56 
19.1 + 4 . 12 
9 + 3 . 63 
39 + 16 . 75 
-
30 . 25 
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in the fus~d population , as compared with the unfused population. Binucleate 
ana l ysis is included in Table 4 . 6 , and the x2 test has been performed using 
5 categories of cell cycle combination (category S/S has been excluded from 
the test since the expected value falls below 5). It can be seen that this 
test indicates that the r e is a considerable deviation from randomness of 
fusion (as regards cell cycle combination) , more so than with PEG induced 
fusion (see Tables 4 . 4 and 4.5) . This deviation away from randomness 
appears to be due to like/like fusions occurring more commonly than expected , 
particularly G
2
/G
2 
fusions , and perhaps S/S fusions (this is less certain , 
due to smaller sample size). 
The mean number of silve r grains attached to binucleates varies consider-
ably for each cell cycle combination as indicated by the large standard 
errors . Howeve r, there is perhaps an increased silver density (and hence 
liposome de nsity) associated with G2 /G 2 type fusions (the increased silver 
associated with S/S type fusions again is uncertain due to small sample 
size) . 
It was also note d, in this study, that those binucleates which were 
seen to be undergoing nuclear fusions we r e always G1/G1 type fusions, 
suggesting that the capacity for nuclear fusion is perhaps increased at 
this cell cycle stage. 
4 . 3 . 2. 3 Concanavalin-A Fusion 
Results of a binucleate analysis on Con A induced fusion in NS-1 
protoplasts is presented in Table 4 . 7. There is a close fit between 
observed and expected numbers in each cell cycle combination , as indicated 
by the x2 test . Thus , fusion by Con A seems to be random in terms ·of cell 
cycle stage of protoplasts. 
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TABLE 4.7 NS-1 CON A FUSION 
ANALYSIS OF BINUCLEATES (including x2 test) 
Cell Cycle Observed Expecte d Deviation Deviation 2 
Combination number number Expected 
Gl/Gl 30 27.56 2.44 0.22 
G1/s 18 19.68 -1.68 0.14 
Gl/G2 6 8.53 -2 . 53 0.75 
G2/G2 
G2/s 
others 10 8.22 1. 78 0.39 
x2 <0.22 + 0.14 + 0.75 + 0. 39) = 1.5 
pis between 0.5 ( 2 . 37) and 0.9 (0. 584) 
4. 4 DISCUSSION 
In this chapter results indicate successful fusion both within and 
between CAPT and NS-1 protoplast populations, t ·o produce homo- and hetero-
karyons, using the chemical fusoge n PEG. Also , fusion within NS-1 
protoplast populations has b een readily achieved using both liposomes 
and Con A. Both these latter fusogens have previously been employed 
in animal systems (Papahadjopoulos et al. , 1973; Halfer and Petrella , 
1976), but this s eems to be the first report in plant systems of the use 
of liposomes to induce protoplast fusion. Negatively charged liposomes 
(phosphatidylcliloinc : p hosphatidylse rine , 9 :1) were used, in accordance 
with the results of Papahadjopoulos et al . (1974) which indicated effective 
fusion with liposomes of this type. In fact , more recent reports of 
Martin and Macdonald (1974 and 1976) , and Lucy (1978) indicate that 
positively charge d liposomes containing stearylamine or oleylamine may be 
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more effective in inducing fusion, oleylarnine perhaps being more effective 
than stearylarnine (at least with animal cells) due to its liquidity at 
incubation temperatures (Bruckdorfer et al. , 1974). The author has, in 
fact, looked at the binding of stearylarnine containing liposomes to proto-
plasts (see Chapter 3) and found that poly-L-ornithine was required for 
binding, as with negatively charged liposomes. This suggests that positively 
charged liposomes react with protoplasts in the same way as negatively 
charged liposomes, but further studies should obviously be made into the use 
of positively charged liposomes (perhaps containing oleylarnine) for fusion 
of plant protoplasts . 
The studies of PEG fusion of CAPT protoplasts indicated the need for 
calcium in the fusion mixture . This is in agreement with previous obser-
vations on plant protoplast fusion (e . g. Kao and Michayluk, 1974) and 
animal cell fusion (see Lucy , 1978). The mechanism (or mechanisms) of 
action of calcium ions in the fusion process is unknown, although several 
possible exp lanations have b een proposed . For example :-
(i) Calcium is known to cause lipid condensation (Papahadjopoulos, 
1968) which produces a change in transition temperature of the 
liquid-ge l transformation and may thus render membranes more 
fluid. 
(ii) Calcium affects the orientation of the polar moieties of the 
me mbran e p hospholipids which in turn would affect the interaction 
between membranes . 
(iii) Calcium may merely restore stability of cell membranes once they 
have been broke n and rejoined during the process of fusion (see 
Lucy, 1978; Gingell and Ginsberg, 1978). 
As regards the binucleate analyses results indicate that in both 
PEG and liposome induce d fusion of NS-1 protoplasts, G1 phase protoplasts 
(and S phase protoplasts in the case of PEG fusion) participate more 
frequently than other cycle stages, and in the case of PEG induced fusion 
of CAPT protoplasts , S-phase protoplasts participate most frequently . As 
far as the specifity of fusion , in terms of cell cycle stage, is concerned, 
it was found that with both PEG and liposome induced fusion, some 
deviation from randomness occurred, particularly with liposome induced 
fusion. Con A induced fusion of NS-1 protoplasts was random in terms 
of cell cycle combinations. 
Thus , cell cycl e state appears to affect the ability of the protoplasts 
to participate in fusion i . e . G1 and S phase protoplasts seem to participate 
more readily than G2 p h ase protoplasts. 
As mentioned in the introduction 
to this chapter, the fusogenic action of PEG is most likely to be associated 
with its abi lity to reduce the normally nega tive surface potential of cells , 
thereby allowing cells to come into close contact with one another (Maggio 
et al. , 1976). Lucy (1978) has noted that the fusogenic lipids give rise 
only to a rathe r small decrease in mean surface potential per molecule 
whe n they interact with monolayers of p hosphatidycholine (Magio and Lucy , 
1976) whereas PEG , which is much more effective in inducing cell fusion 
causes a large decrease in surfac potential. These observations certainly 
seem to indicat that a decrease in the surface potential of biological 
me mbran s may b of mnj or importan c in the process of membrane fusion . 
Studies with plant protoplasts (rather than with lipid monolayers) also 
indicate that fusogenic agents cause a reduction in surface potential . 
Using lectrophore tic t echniques a reduced surface potential was noted on 
2+ 
leaf protoplasts of Zea may in the presence of PEG and Ca (Halim and 
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Pearce, 1980) , and on Nicotiana tabacum protoplasts in the presence of 
Con A (Grout and Coutts , 1974) . In the case of liposome induced fusion 
of NS-1 protoplasts reported here, poly-L-ornithine was present in the 
fusion mixture, and Grout and Coutts (1974) have also confirmed that 
poly-L-ornithine similarly reduces the negative potential on the surface 
of plant protoplasts from various sources. Thus, with all 3 types of 
fusion reported here, fusogenic action may be associated with a charge 
reduction on the plant protoplast plasmalemma . 
In Chapter 3 it was concluded that surface charge may fluctuate 
with cell cycle stage , so that it may be expected that cell cycle stage 
will affect the fusion process. The results presented here have indicated 
that fewer G
2 
phase protoplasts (at least for the NS-1 populations) 
participate in fusion than may be expected. This result would be in 
line with the fact that the surface potential is apparently largest at 
G
2 
phase , thus requiring more reduction in charge before fusion can occur . 
Similarly , S-phase protoplasts may be expected .to partake in fusion events 
more readily since the surface potential may already be lower at this 
stage (see Chapter 3) . As expected , S-phase protoplasts are in fact 
represented in larger numbers in both NS-1 and CAPT PEG induced binucleates . 
Having found that there may be similarities in the mechanism of fusion 
of all 3 fusog ns used (PEG, liposomes and Con A) , it remains to suggest 
why the binuclcate analyses indicate differing degress of randomness of 
fusion as regards cell cycle stage. Despite the fact that a charge-based 
reaction may be involved in each case, it may be that the 3 fusogens vary 
in the extent to which they promote reduced surface potential (as noted 
by Lucy for lipid fusogens), and thus the extent to which a charge reaction, 
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and cell cycle effects will be involved . Additionally, the mechanism 
of cell fusion may depend on several factors e . g. membrane fluidity or 
membrane composition , the charge reaction being just one factor in the 
overall fusion process . Con A would certainly be expected to act 
differently from the other 2 fusogens since specific receptors for Con A 
occur on membrane surfaces . Thus , Con A may be expected to bind to the 
protoplasts and effect fusion in this way. In the case of PEG fusion, 
Gould (unpublished data) has shown that labelled PEG does not directly bind 
to NS-1 protoplasts and most likely causes fusion by merely bringing proto-
plasts closer together. Liposomes certainly bind to protoplasts in the 
presence of poly-L- ornithine , but , in this case, binding will most likely 
be due to a charge-based reaction whereas Con A binding is probably a more 
specific adhesion process . The fact that there are noticeably more G2 /G2 
binucleates than expected with liposome induced fusion is in line with the 
idea that binding is directly involved, since the results of Chapter 3 
indicate that more liposome binding occurs with G2 protoplasts than with 
protoplasts of other cycle stages. Thus , differences in the binucleates 
analyses for all 3 types of fusogen may be explained in terms of the 
mechanism of fusion in each case . The fact that more like/like combinations 
occur with liposome induced fusion, where the process of binucleate formation 
is most likely to be based on strong charge association, which actually 
involves binding of liposomes to the surface of the plasmalemma , tends to 
s upport the ide as of charge variation during the cell cycle . 
Since all possible cycle combinations have been obtained in each of 
these fusion studies, investigations cou ld be carried out to determine which , 
if any , of these combinations might produce the most stable hybrid cell 
line , in accordance with the ideas expressed by Wetter and Kao (1980 ). 
Certainly , it allows entrainment phenomena which have been observed in 
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some plant systems , to be studied in detail . Such work was carried out 
with animal systems several years ago (Yamanaka and Okado, 1966; Johnson 
and Harris, 1969). On the other hand, the fact that certain combinations 
of cycle stage may be more readily obtained using particular fusogens 
may also be exp loited. For instance, in order to enrich for G2 /G2 
binucleates, fusion might best be carried out using liposomes . Alterna-
tively, if a sample of unlike combinations is required, this could maximally 
be achieved using Con A fusion. Such unlike combinations may be more 
likely to lose parts of the hybrid genome through disruptions of the 
division process, and may thus be useful for genetic mapping studies . 
The fact that some degree of specific fusion occurs , as regards cell 
cycle stage , is of interest in itself, and indicates that a cell ' s nuclear 
stage (i . e . cell cycle stage) may be recognised , to some extent , via the 
cell membrane . r.. similar idea, coined by the term "membrane impression", 
suggests that, during the process of cytodifferentiation , gene sets, which 
become expressed at different stages of a cell ' s history, code for particular 
sets of receptors in the membrane, such receptors being important for cell/ 
cell associations (Brunner , 1977) . It may be that the celis nu~\~~r ~~~~ 
similarly affects the nature of the cell membrane . 
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GENERAL DISCUSSION 
This thesis has been directed towards assessing the use of low 
chromosome number composites for studies at the cellular level, particularly 
for fusion and uptake studies . Initial investigations were made in order 
to describe certain characteristics of the tissue culture lines derived 
from the 3 species Crepis capillaris , Haplopappus gracilis and Brachycome 
dichromosomatica, name ly the chromosome constitutions and cell cycle 
characteristics of the populations. It was felt that such initial detailed 
knowledge of cultures to be used in manipulation experiments would aid in 
later analysis of such experiments . 
As isolate d pieces of work, both the chromosomal studies of Chapter 1, 
and the cell cycle studies presented in Chapter 2 , have produced new inform-
ation and ide as which have contribute d to the relevant fields. The chromo-
some analysis is the first such detailed study of 3 closely related species , 
in tissue culture , and the low chromosome numbe rs have allowed such analyses 
to be performed with r e lative e ase and accuracy . Th rough continuous 
monitoring of the chromosomal constitutions of the cultures, it has been 
possible to propose a common pathway of karyotypic evolution in the tissue 
cultures of these three spec i es . Thi s pattern of chromosome change involves 
initial t etraploidisation followe d by chromosome loss and rearrangements to 
produce a stable aneuploid chromosome se t . Such a pathway of karyotype 
evolution has previously b een proposed in plant culture systems (Bayliss 
and Gould, 1974), although without the more specific chromosome data presented 
here . Such a t etrap loidisation- s e gre gation pathway of chromosome change has 
long been accept e d as a general pattern of karyotype evolution in many 
animal cell cultures (Le van and Biesele , 1958; Terzi and Hawkins, 1975), 
and it r e main s to be seen whether furth e r detailed chromosome analsyes in 
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plant systems would confirm such a pattern of change in other plant 
tissue cultures. 
The further use, in this chromosomal study, of the Giemsa C-banding 
technique, which has only been used, rather unsuccessfully, in 2 other 
plant tissue culture systems (Papes et al ., 1978; Wochok et al. , 1980) 
has proved to be very valuable in ascertaining any chromosomal rearrange-
ments within the studied genomes . In the case of the twnorous suspension 
cell culture of Crepis capillaris , CAPT , extensive rearrangements were 
revealed by the banding method (Ashmore and Gould , in press) . Such 
considerable restructuring of the genome has not previously been observed 
in other plant tissue culture systems and opens up the possibility that 
either :-
(i) such rearrangements have remained unnoticed in other plant 
culture systems since banding techniques have not been 
employed , or 
(ii) structural rearrangements are particularly prevalent in 
p lant twnours, perhaps due to the integration of the Ti 
plasmid into the genome . 
Such possibilities obviously require further investigation . It is also 
to be hoped that further use will be made , in the future, of banding 
techniques in plant tissue cultures to aid in more accurate chromosome 
analysis , particularly where chromosomes within a genome may otherwise 
be difficult to distinguish by gross morphology alone . Certainly, where 
experimental plans include attempts at genetic manipulation , it would be 
preferable to have performed a detailed chromosome analysis on the "host" 
genome prior to experimentation. As observed in the HA-1 suspension 
cell culture , what appears , at first sight , to be , say, a true diploid 
or true tetraploid may in fact contain "hidde n" rearrangements which may 
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be visualised using banding methods . Banded chromosomes may additionally 
provi de markers for use in transformation and hybridisation studies. 
As regards the cell cycle studies, the analysis of the CAPT suspension 
cell culture has proved to be particularly interesting . . This appears to 
be the first report on cell division kinetics in a tumorous plant population, 
which is surprising since unus ual division properties are an important 
aspect of tumorous cells . The resultant model for cell kinetics in the 
CAPT culture, which has been produced using data from several different 
analyses , indicates that there is a low growth fraction in the population, 
the arrested cells apparently being in the G1 phase, and that those cells 
which cycle have either no G1 or a G1 ph
ase of very short duration (Ashmore 
and Gould, 1979) . The latter observation is contrary to other studies of 
the cell cycle in plant tissue cultures, where G1 phase has been shown to 
be of extended duration (e . g . Gould , 1977). The features of low growth 
fraction and shortened G1 phase have often been observed in animal tumours, 
but further work is necessary to reveal whethe_r these aspects of cell 
division kinetics are common to other plant tumour populations . This 
study has highlighted the .need for a multiple approach to cell cycle studies 
since one type of analysis (e . g . FLM curve), applied in isolation , would 
have provide d an incorrect picture of the division kinetics in the CAPT 
population . As regards the use of this culture for further studies on 
uptake and fusion , it is useful to know that a fraction of the population 
will be in an "arrested" state , and may therefore be unsuitable for such 
studies. It is worth noting that the apparent lack of G1 in cycling cells 
of the CAPT culture may allow synchrony to be more readily maintained since 
populations are most likely to develop asynchrony during the G1 phase . 
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The third aspect of the work in this thesis has included both DNA 
and l iposome binding to CAPT and NS-1 protoplasts and the fusion of 
these protoplasts using 3 different chemical fusogens. The NS-1 cell 
line has been u sed as an example of a non-tumorous line for comparison 
with the tumorous CAPT cell line. The tobacco cell line was particularly 
chosen for these studies because it was readily grown in suspension 
cell culture and protoplast isolation p roce dures , worked out in this 
laboratory were readily repeatable. Of course, cell cultures of 
H. gracilis and B. dichromosomatica could certainly be used for such experi-
ments, but some difficulty was encountered with the repeatability of HA-1 
protoplast isolation, and the Brachycome cell lines are, as yet, too 
lumpy to allow protoplast iso lation to be readily achieved . These 
me ntioned difficulties should be overcome quite easily , ·but lack of time 
precluded the present author from investigating them . 
Both the binding and fusion investigations were looked at from a 
cytological and kinetic view, which, in itse lf, is a somewhat refreshing 
approach to such p lant tiss u e c ulture work. Also , analysis relied 
heavi ly on the automated quantitative autoradiography method developed by 
Gould (1979 ) in this l aboratory , which certainly has not been used, as 
yet, by other authors. By applying these me thods it has been possible 
to visualise the binding of both DNA and liposomes to protoplasts . Previous 
r eports of DNA binding/uptake had produce d equivoca l data, and the one 
autoradiographic study (Kook and Pelcher , 1978) indicated that there was 
no labe l attached to the protoplasts . As r egards liposome binding , it 
was found that a ll 3 types of liposome (n egative , neutral and positive) 
bound to CAPT and NS-1 protoplasts , in the presence of poly- L- ornithine . 
Some me ntion has previously been made of the possible use of liposomes 
for the introduction of foreign genetic information into plant cells 
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(e . g . Giles , 1978) , but no substantial attempt at binding/uptake of 
liposomes to plant protoplasts has yet appeared in the literature . 
The inves tigations of cell cycle r elated differences in DNA and 
liposome binding have produce interesting results. Based on the ide a 
that binding in the p r esence of poly-L-ornithine is, at l east partly 
governed by charge interactions, a model of the vari~tion in surface 
charge through th e cell cycle has been p roposed (Fig. 3 . 25). This model 
has been supported by data from the 2-polymer phase separation of NS - 1 
protoplasts , which separates particles/cells according to surface proper-
ties . The CAPT protoplast population in fact indicates a greater 
freque ncy of DNA binding at S-phase , whereas the reve rse was true for the 
NS-1 population . This has b een explained, in terms of the mode l o f 
surface cha r ge variations, by the unus ual kinetics of division already 
described in the CAPT culture . Whereas the lowe red binding of DNA at 
S-phase in the NS-1 protoplasts is perhaps unfortunate since this is the 
stage (i . e . DNA synthetic stage) when integration of DNA into the genome 
is most like ly to occur , the fact that the r e ve rse might be true for the CAPT 
population opens up the possibi lity that tumorous populations may be more 
effective for use in transformation at t empts . This remains to be tested 
with both the C~PT population and other tumorous cultures . 
Atte mpts at fusion have indicated that liposomes may be used to induce 
plm1t cell fusion . Analysis of binucleates r esulting from treatme nt 
with 3 different fusogcns has revealed some diffe rences in : -
(i) participation of different cell cyc le stages in binucleate 
formation, and 
(ii) the randomness of cell cycle comb inations in binucleates . 
This has produced ideas about the possible differences i n the modes of 
action of the 3 fusog e n s , and has r eveale d that there is a tendency towards 
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the production of like/like cell cycle combinations, particularly with 
liposome induced fusion . Certainly , the use of such microspectrophotometry 
techniques used here will allow further investigation of entrainment 
phenomena , and the use of rapidly dividing cultures for fusion opens up 
the way for assessment of different cell cycle combinations in the pro-
duction of stable hybrids . 
In conclusion , this study has emphasized a quantitative cytological 
approach to the careful description of:-
(i) the chosen experimental systems (i . e . plant tissue cultures) 
in terms of their suitability as model "hosts" for foreign 
genetic material, and 
(i i) the cellular processes involved in the first stages of inter-
action between (a) host plant cells (protoplasts) and possible 
genetic engeneering vectors (DNA and liposomes) and (b) between 
protoplasts during fuss ion. 
It is encouraging to note that leading workers in the field of plant 
tissue culture and genetic manipulation have recently begun to stress that 
the biochemical methods traditionally used to analyse protoplast fusion 
or transformation experiments rarely allow accurate quantitation at the 
single cell level . In terms of protoplast fusion, Wetter and Kao (1980) 
have expressed interest in cell cycle effects , and Lurquin (1981) has 
specifically stated that cytological (especially autoradiographic ) methods 
are preferable to biochemical analyses. Hopefully , the productive methods 
reported in this thesis can make a contribution to this shift in experi -
mental approach. 
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Throughout the thesis: 
(1) where ' data ' appears , read verb in the plural. 
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Summary 
A hyperdiploid aneuploid karyocype, cons1mng of 7 chromosomes, has been found in a 
tumorous suspension cell culture of Crepis capillaris (2 n = 6). Giemsa C-banding has 
revealed chat these 7 chromosomes show consistent patterns of differential staini ng in all 
dividing cells. This stable karyotypic situation has persisted during 18 months of cytological 
monitoring of the culture. Comparison with the diploid C-banded complement of the root 
rip indicates chat numerous structural rearrangements must have occurred during the forma-
tion of the aneuploid complement. A likely pathway for evolution of chis karyocype involves 
initial tetraploidy followed by chromosome loss. Such a mechanism has previously been 
proposed for a plant tissue culture system (BAYLISS and GouLD 1974) and commonly occurs 
in animal systems, particularly in animal tumours (T ERZl and HAWKINS 1975). An alternative 
mechanism, which does not necessarily involve tetraploidy, is also proposed . 
Keywo rds: C-banding ; Chromosome instability ; Crepis capillaris; Plant cell culture ; Tumour. 
1. Introduction 
Deviations from the original diploid chromosome complement commonly 
occur during the long term culture of both plant and animal cell populations 
(Hsu 1961, SuNDERLAND 1973, BAYLISS 1980). umerical and structural 
variation in karyotype are particularly marked in malignant animal cell 
popul ations (FoRD 1964). Similarly, SACRISTA and WE DT-GALLITELLl (1973) 
have shown much greater karyotypic variability in crown gall (tumour 
derived) ca llus cultures of Crepis capillaris (2 n = 6), as compared with those 
cultures derived from normal tissue of this species. Long term ana lyses of 
these tumorous plant cell lines reveal that, whereas the cultures show marked 
heterogeneity of karyotype during their first year, after a further 3 yea rs 
,,. Correspondence and Reprints: Plant Genetics Group, Pfizer Central Resea rch , Eastern 
Point Road, Groton , CT 06340, U .S.A . 
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the majority of cells in such cultured populations have a single characteristic, 
though abnormal, chromosome complement (SACRISTAN and WENDT-
GALLITELLI 1973, SACRISTAN 1975 ), indicating analogies with the stemline 
concept of animal tumors (MAKINO 1957). 
The application of chromosome banding techniques to animal cell culture
s 
has, in many cases, revealed a greater degree of chromosome heterogeneit
y 
than was previously suspected (TIEPOLO and ZuFFARDI 1973, HASHMI et al. 
1974). Surprisingly, however, no substantial attempt has been made to use 
this approach in the analysis of plant tissue cultures. 
In the present study the Giemsa C-banding technique has been used to analyse
 
the chromosome complement of a tumour derived suspension cell culture o
f 
Crepis capillaris (convenien tly referred to as CAPT), and comparison has 
been made with the normal C-banded karyotype of the w hole plant. 
2. Materials and Methods 
2.1. Cell Culturing and Growth of Root Tips 
The CAPT cell line used in this study is derived from a callus culture o
f an Agrobacterium 
induced crown gall tumour of Crepis capillaris (SACRISTAN and WENDT-GALLITELLI 197
3), 
and has been kept in liquid suspension in B 5 medium wi thout added h
ormones for over 
4 years. The culture has been maintained by regular transfers to fresh me
dium eve ry 7 days, 
as previously described (ASHMORE and GouLD 1979). 
Seeds of Crepis capillaris (L.) Wallr. (suppl ied by the Botanic Gardens, Berlin), were 
germinated in the light at 22 ° C on wet filter paper. The growing roo
t tips were excised 
from 4- to 5-day-old seedlings for use in cytological analysis. 
2.2. Metaphase Arrest and Preparation of Slides for Staining 
The CAPT cells, and root tips of Crepis capillaris were incubated in 0.1
0/o colchicine for 
3 hours prior to fixation in 3 : 1 ethanol : acetic acid. After at least 24
-hour-fixa tion , ce lls 
were softened in 450/o acetic acid fo r one hour before being tapped out ge
ntly onto a subbed 
microscope slide, and squashed under a covers lip. The covers lip was rem
oved after freezing 
on dry ice, and the slide was then washed in disti lled water and left 
to dry for at least 
24 hours . 
2.3. C-Banding 
Slides were treated with 0.2 N HCl for 20 minutes, then washed in distil
led water prior 
to incubation in a saturated barium hydroxide solution for 2 minutes at 4
5 ° C. Immediately 
after removal from the barium hydroxide solution, the slides we re again 
washed in distilled 
water and then left in 2 X SSC for 60 minutes at 65 ° C. After a final
 wash in distill ed 
water, the slides were stained in 100/o Giemsa in phosphate bu ffer (pH 6.8) for 5 to 10 mi
n-
utes. All slides were permanently mounted in XAM (Gu rr neutral mountant). 
3. Results 
The application of the C-banding technique to both root tips and cultured
 
cells gave reproducible patterns of differential staining a long the metaphas
e 
chromosomes . The full C-banded karyotype of a dividing root tip cell o
f 
Crepis capillaris is shown in Fig. 1 a. The complement consists of three chro-
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Fig. 1. a C-ban ded meraphase of a Crepis capillaris root ri p cell. b Idiogram of the C-
banded ka ryotype of Crepis capillaris root tip. Below the idiogram, representative examples 
of each chromosome type are shown, along with mean lengths, in micrometres of 8 to 10 
chromosomes of each type. c C-banded metaphase of a CAPT cell. d Idiogram of the 
C-banded karyotype of the CAPT cell line. Below rhe idiogram, represen tative examples 
of each chromosome type are shown along with mean lengths, in micrometres, of 10 chromo-
somes of each type 
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mosome types, referred to as L, SAT, and S, after the notation of SACR
ISTAN 
(1971). With the exception of the seconda ry constriction and sa tellite blocks 
of the SAT chromosome which are not distinguishable in all cells, this 
karyo-
type was seen in all metaphase cells studied. Mean chromosome lengt
hs (25 
measurements for each chromosome type), obtained by direct measurement 
under the microscope (Table 1 ), are in close agreement with the previous 
estimates of SACRISTAN (1971 ). Careful measurement of the C-band regions 
in at least 8 chromosomes of each type has allowed construction of th
e idio-
gram shown in Fig. 1 b, and examples of each chromosome are depicted below 
the idiogram. There are 20 C-positive blocks which are always pres
ent in 
the diploid complement and four others which a re only seen in some
 cells, 
namely: 
(i) The centromeric block on each L chromosome 
(ii) The telomeric block on each L chromosome. 
The mean total length of the genome, at metaphase, is 36.98 µm, of 
which 
11.02 µm is C-band positive and therefore assumed to be heterochrom
atic in 
nature (see Table 1). Thus the mean fraction of heterochromatin in the genome 
is 0.298. 
o abnormalities of mitosis (e .g., laggard chromosomes, multipolar spindles, 
chromosome bridges) have been observed during 18 months of monitoring 
CAPT cultures. A 7-chromosome karyotype has been seen througho
ut this 
r,eriod, and C-banded metaphases give a consistent pattern of diffe
rential 
staining (Fig. 1 c). 
The mean lengths of each of the 7 chromosome types, obtained from 25
 indi-
vidual measurements on each chromosome, are recorded in Table 1. By
 addi-
tion of these individual values, the mean total length of the CAPT geno
me has 
been calculated to be 39.24 µm, which is slightly greater than that o
f the 
normal root tip karyotype (36.98 µm). Additionally, the mean DNA content 
of 100 G 1 cells of the CAPT culture (1827 ± 28.5, arbitrary units), 
as 
measured by Feulgen microspectrophotometry, is considerably greate
r than 
the mean DNA content of 100 G 1 cells of the root tip (1416 ± 19.2 a rbitrary 
units), (see Table 1 ). Thus, the cultured aneuploid cells not only have a hyper-
diploid chromosome number, but also have much more DNA than the n
ormal 
6-chromosome diploid karyotype. Since the total DNA content of the C
APT 
cells is considerably increased, whereas the total chromatin length i
s very 
close to that in the root tip cells, it follows that in the cultured cells ther
e must 
be significantly more DNA packed into each unit length of chromati n. 
From 
Table 1, it can be seen that the mean DNA content per micrometre 
of the 
CAPT genome is 46.6 arbitrary units, as compared with 38 .3 arbitrary
 units 
for the root tip. Whether the DNA is in genera l more tightly packed 
in the 
CAPT genome, or whether there is simply a greater proportion of 
hetero-
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chromatin (which contains DNA in a tightly packed form) than in the root 
tip cells is not clear from this data a lone. 
Careful measurement of C-band regions in 10 chromosomes of each type h
as 
allowed construction of the idiogram in Fig. 1 d. T ypical examples of each 
chromosome are depicted below the idiogram. There are 26 C-positive bloc
ks 
consistently visible in the CAPT genome, whi lst the centromeric block 
on 
chromosome 2 is not always seen. The mean fraction of C-band mater
ial 
(heterochromatin) per genome is 0.386 (see Table 1), which is 1.3 times greater 
than in the root tip. It was previously noted that the DNA content of t
he 
CAPT genome is also 1.3 times greater than in the root tip. Thus, it see
ms 
that this "extra" DNA in CAPT cells is entirely heterochromatic, and
 is 
concentrated into the C-band regions of the genome. 
It should also be noted that there is a greater proportion of metacentric ty
pe 
chromosomes in the CAPT genome (5 out of 7 chromosomes) as compared 
with the normal diploid ( 4 out of 6 chromosomes). 
4. Discussion 
In this report, the patterns of C-banding along metaphase chromosomes of 
Crepis capillaris root tip are more clearly defined than in the two previous 
studies of this species (SCHWEIZER 1973, TANAKA and KOMATSU 1977). Addi-
tionally, both prior attempts failed to reveal as many C-banded regions 
as 
presently shown, although those bands which were reported by TANAKA a
nd 
KOMATSU have all been seen in the present study. 
A single, consistent, C-banded karyotype has been seen in cells of the CA
PT 
culture. Such dominance of a particular karyotype commonly occurs in pla
nt 
cell cultures (BAYLISS and GouLD 1974, SINGH 1975), presumably because 
cells containing a specific chromosome complement are better suited to s
ur-
vival in the specialized environment of a tissue culture system. In the case
 of 
this CAPT culture, the cell cycle in the dividing population is extremely sh
ort 
in duration, and the G 1 phase is virtually non-existent (ASHMORE and GouLD 
1979). Thus, cell with the 7 chromosome complement observed in this cel l 
line, may have dominated because of their capacity for such rapid cell cy
cle 
traverse. Certainly, it is known that changes in chromosome constituti
on 
can cause alterations in cell cycle timing (KRUNE and WoLF 1977). The 
proportion of heterochromatin in the chromosome complement may also af
fect 
cell division rate (BARLOW 1973), so that the increased heterochromatin con-
tent of the CAPT cells may have affected the ability of these cell s for surviv
a l 
in a cell population initially contain in g mixed karyotypes. 
Recently, there has been some doubt expressed about the stem cell conce
pt 
of animal tumours (HASHMI et al. 1974), since, in the origi nal studies, the 
most reliable criterion of the stem ce ll was chromosome number. In the case 
of the CAPT culture, however, careful observation has revealed a sing
le 
C-banded karyotype, but further investigation would be necessary to reve
al 
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whether this apparent adherence to the stem line concept in the CAPT culture 
is a common characteristic of all plant tumours. 
The hyperdiploid, 7 chromosome karyotype of the CAPT cell line deviates 
considerably from the normal diploid complement of Crepis capillaris (see 
Fig. 1). BAYLISS (1980), has recently reviewed the available literature on 
chromosomal instability in plant tissue cultures. He comments that in nearly 
all of the 55 different plant species studied there is a deviation from the con-
ventional karyotype of the cells of the intact plant. The abnormal karyotype 
observed in the CAPT culture is therefore consistent with these findings. 
A comparison of the CAPT chromosome complement with that of the normal 
diploid karyotype indicates that not only is there an extra chromosome present 
in the CAPT genome, but, additionally, all chromosomes differ in length 
from the original root tip chromosomes and have strikingly different C-band 
patterns, suggesting that numerous structural chromosomal rearrangements 
have occurred during the formation of the CAPT chromosome complement. 
Although chromosomal rearrangements are certainly observed in some plant 
tissue cultures (BAYLISS 1980), and, particularly, in Crepis capillaris cell lines 
(SACRISTAN and WENDT-GALLITELLI 1973 ), such extensive rearrangements 
have not previously been indicated. It may be that such major chromosomal 
change is associated with tumorous nature of the CAPT cell line, and 
chat the integration of the Ti plasmid into the plant genome may possibly 
affect chromosomal stability. Alternatively, a similar degree of structural 
change may, in fact, also occur in other plant cell lines, but has not been 
revealed by previous studies, since banding techniques have not been used. 
From a comparison of the C-band patterns of the CAPT genome with that 
of the root tip, it is possible to make certain suggestions about the derivation 
of the CAPT genome. Proposed schemes for the complete derivation of 
chromosomes 7, 6, and 3 are as follows: 
(i) Chromosome 7 is most likely derived from the SAT chromosome as re-
presented diagrammatically in Fig. 2. a. This involves breakage of the SAT 
chromosome between the centromere and the C-posicive satellite blocks, i.e., 
at the secondary constriction. Although no shore arm is visible on chromo-
some 7, this may in fact be present, but difficult to detect, since the DNA 
at the site of a secondary constriction is highly despiralized. A considerable 
deletion of the long arm of chromosome SAT must also have occurred. 
(ii) Chromosome 6 a lso appears to be derived from the SAT chromosome by 
a similar mechanism (see Fig. 2 b). However, in chis case, there must be a 
smaller deletion of the long arm of SAT. 
(iii) The slightly shorter arm of chromosome 3 of the CAPT genome may 
have been derived from the long arm of the SAT chromosome. Again, chis 
would involve breakage at the secondary constriction, together with a deletion 
in the long arm. The longer arm of chromosome 3 may have arisen from 
chromosomes Land S, of the root tip complement, as set out in Fig. 2 c. 
20* 
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The site of the secondary constriction on the SAT chromosomes, where the 
nucleolus organizer region (NOR) is located, is a common breakage point 
in a ll three proposals. Such breakage at the NOR commonly occurs in other 
systems (JoH and L EW IS 1968). Studies by SoKOLOV et al. (1974) on col-
chicine induced multinuclea te cells of Crepis capillaris plants indicated that 
micronuclei are only capable of replication, and, hence, survival, if the NOR 
containing chromosome (SAT) is present. Thus, if the break at the secondary 
SAT 7 
a 
- 0~ 
SAT 6 
l-~13 §- e:i 
b s C 
Fig. 2. a Scheme for the derivation of chromosome 7 of the CAPT genome from the SAT 
chromosome of the root tip. b Scheme fo r the derivation of chromosome 6 of the CA PT 
genome from the SAT chromosome of the root tip. c Scheme for the derivation of chromo-
some 3 of the CAPT genome, involving all 3 chromosome types (L, SAT, and S) of the 
root tip 
constriction of the SAT chromosome in these proposed schemes is at the junc-
tion of the NOR w ith the chromosome arm, so that the NOR is lost as an 
acen tric fragment, then it would have to be assumed that a lterative NOR 
si tes may have ari sen. These could originate, de nova, through amplification 
of a dormant si te. If, on the other hand, the breaks occur within the NOR 
itself, then the fractured NOR may still remain functional due to the repeti-
tive nature of ribosomal DNA. Amplification of the sequences which remain 
is a lso possible. The application of techniques which cytologically sta in NOR 
regions would obviously be of value to examine these possibilities. 
It is a lso possible to propose explanations concerning the origin of pa rts of the 
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other four chromosomes of the CAPT genome. The long arm of chromosome 2 
has most likely originated from the long arm of chromsome L, since both the 
telomeric and centromeric C-blocks of that chromosome are present. The 
spacing of the double C-band blocks on chromosomes 1 and 2 of the CAPT 
genome suggest that these may originate from the long arm of the SAT chro-
mosome. Similar blocks also appear on chromosomes 4 and 5, with increased 
material in the lower block. It is also possible that these double blocks of 
C-positive material have arisen through differential replication of other 
regions of the genome, e.g., the long arm of chromosome S. 
Since more than two copies of chromosome SAT are implicated in the origin 
of the CAPT genome, there would have to be an initial evolution in the CAPT 
culture to a hyperdiploid karyotype, presumably to tetraploidy in the first 
instance. Polyploidization certainly occurs in other plant cell cultures 
(BAYLISS 1980), and has also been reported in Crepis capillaris tissue cultures 
by many authors (BAYLISS 1980). It is worth noting that polyploidy must 
arise in vitro in this species, since no polysomy has ever been observed in the 
whole plant (BROSSARD 1978). To obtain the abnormal aneuploid CAPT 
karyotype from the normal tetraploid complement, chromosomal loss, com-
bined with rearrangements, must occur. 
Aneuploidy may arise in tissue cultures by errors of division in polyploid cells. 
The large, vacuolated nature of plant cells in culture may be a cause of diffi-
culties in the division process. Mitotic abnormalities (including lagging chro-
mosomes at anaphase, chromosome bridges, multipolar spindles), are observed 
in plant tissue cultures (BAYLISS 1973), and it is believed that such abnormali-
ties are more readily tolerated by pol yploid cells, since loss of chromatin leads 
to less genie imbalance than loss from a diploid cell. In Crepis capillaris, 
SrnoRov and SoKOLOV (1963), have shown the appearance of up to 230/o 
aneuploidy in plants following the induction of tetraploid y by colchicine 
treatment. SACRISTAN (1971 ), also observed progressive loss of chromosomes 
from a tetraploid clone of Crepis capillaris callus cells, to produce a hyper-
diploid karyotype. 
Chromosomal rearrangements are also known to occur more readily in poly-
ploidized cells in culture than in diploid cells in both plant (SACRISTAN 1971 ) 
and animal systems (Hsu 1961, HALFER et al. 1980). All types of known 
chromosomal change (deletions, inversions, duplications, translocations) are 
detectable in polyploid Drosophila cell lines (DoLFINI and HALFER 1978). 
Chromosomal change by translocation has previously been observed in Crepis 
capillaris (SACRISTAN and WENDT-GALLITELLI 1973), and both translocations 
and inversions have been found in C-banded cells of Vicia faba callus (PAPES 
et al . 1978). It is worth noting that an increase in heterochromatin content 
has been found to follow chromosomal rearrangement in cell cultures (HALFER. 
et al. 1980), and such an increase is also known from studies in natural popu-
lations, e.g., in some Australian frog species of the genus Litoria, in which 
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KING (1980) has proposed that "extra" heterochromatin has arisen both by 
amplification and by euchromatin transformation. 
Thus, the proposed scheme for karyotype evolution, of tetraploidisation fol-
lowed by segregation and rearrangement, has substantial support from si mila r 
studies in both plant and animal popula tions. Such a scheme was proposed 
by BAYLISS and GouLD (1974) to explain the origin of aneuploidy in Acer 
pseudoplatanus suspension cell cultures, and is also a common pathway of 
karyotype evolution in both normal and tumorous animal cells in culture 
2 3 
2 
4 
a 
4 5 
b 
5 6 7 
3 6/7 
Fig. 3. a Jdiogram of the C-banded karyotype of the CAPT cell line. b Idiogram of the 
3 proposed " pairs" of chromosomes which may be derived from the CAPT karyotype by a 
simple fusion of chromosomes 6 and 7 
(LEVA and BIESELE 1958, Hsu 1961 , TERZI and HAWKINS 1975), and in 
Drosophila cell lines (DoLFINI and HALFER 1978). 
By one simple change it is possible, on the other hand, to produce a 6 chromo-
some karyotype from the 7 chromosome karyotype observed in CAPT cells. 
This change involves fusion, at the centromeres, of chromosomes 6 and 7 of 
the CAPT genome. The resultant 6 chromosome set can then be arranged into 
3 "pairs" with similarities of C-band pattern between the chromosomes of 
each pair (see Fig. 3 b). The production of this 6 chromosome set would not 
necessarily implicate polyploidisation as a preliminary step in the evolution 
of the CAPT karyotype. Such a system of karyotypic evolution, by-pass ing 
a polyploid step, would be unusual compared to other reports involving p lant 
tissue culture, and might be associated with the tumorous state of the CAPT 
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cu lture. However, to obtain the 6 " pairs" of chromosomes from the original 
diploid set would not only require structural rearrangements of chromosomes 
in the form of inversions, but wou ld also require a capacity for addition of 
both C-band posi tive and C-band negative material, and euchromatin trans-
forma tion, i.e., conversion of apparent euchromatic material to C-banded 
heterochromatin. Such complex karyotypic change is less likely to have oc-
curred within a diploid genome, so that the preferred scheme for derivation 
of the CAPT karyotype from the normal diploid is that which involves initial 
pol yploidy. 
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Summary 
ational 
Analysis of the cell cycle by three methods has revealed unusual kinetics of proliferation in 
tumour derived suspensions of Crepis capillaris. The different methods of analysis yield 
di fferenc estimates of cycle phase durations, and such discrepancies have been explained in 
terms of low growth fractions with rapid total cycle traverse. Specifically, confidence in 
the estimation of G2 duration by the fraction of labelled mitosis analysis, and comparison 
with shorter G
2 
estimates obtained by the two other methods, suggests that cells drop out 
in G,. However, cells which do not drop out of the proliferative compartment traverse G, 
extremely rapidly . Extremely short cell cycle durations in which the G, phase is virtually 
non-existen t are uncharacteristic of plant cell suspension cultures, in which the G, phase has 
previously been shown to be extended as compared with meristematic root tip cells. A model 
has been proposed in which a central core of rapidly dividing cells continuously loses cells 
into a subpopulation of resting or G0 cells with the G1 DNA content. Similarities between 
plant and animal tumours with respect to cell growth and division are discussed. 
Keywords: Crepis capillaris; Cell cycle; Tumour. 
1. Introduction 
A major feature of tumours is their capacity for essentially unrestrained or 
autonomous growth. Thus studies of the ways in which cells transformed to 
the neoplastic state differ from normal cells must consider alterations in the 
kinetics of cell growth and division . Such alterations, revealed by mitotic 
cycle analysis of mammalian tumours, include characteristic changes in cycle 
duration and growth fraction in the hyperplastic or neoplastic states 
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(BRESCIANI 1968). A recent stochastic model of division control applied on 
a comparative basis to tumourous and non-tumourous animal cell cultures 
shows that tumour cells are less sensitive to withdrawal of serum than are 
normal cells (SHIELDS and SMITH 1977). An analogous property of plant tu-
mour cells in cultures is their ability to continue growth in the absence of exo-
genously supplied hormones. However, as yet there are no reports concerning 
the cell cycle in plant tumours and even the normal division cycle has been 
studied mainly in non-plant systems (MITCHISON 1971 ). The relatively few 
investigations into the plant cell cycle have utilised either organized meriste-
matic populations (HowARD and PELC 1953, WIMBER and QuASTLER 1963, 
VA 'T HoF 1965) or tissue culture systems (YEOMAN et al. 1966, GouLD et al. 
1974, CHu and LARK 1976). With one exception (BAYLISS 1975) the tissue 
cultures used have all required the exogenous supply of at least one 
hormone. 
In this report, using three methods of cell cycle analysis, the kinetics of cell 
proliferation have been described for a tumour-derived, hormone-independent 
suspension culture of Crepis capillaris. The application of more than one ana-
lytica l approach has allowed cell cycle phase durations to be estimated and 
has revealed a rather complex kinetic situation which would not have been 
resolved by any one method. In this first step towards the understanding of 
the nature of cell proliferation in plant tumours, parallels have been found 
with the mammalian neoplastic cell cycle and, in particular, an unusually 
short G 1 period has been demonstrated. 
2. Materials and Methods 
2.1. Cell Line and Cell Cultures 
The cell line, CAPT, used throughout this investigation is a d erivative of a diploid (2 n = 6), 
tumour-deri ved ca llus culture of Crepis capillaris kindly supplied by Dr. M.D . SACRISTAN. 
The original tumour was induced by Agrobacterium tumefaciens (SACRISTAN and MELCHERS 
1970). A sensitive assay for octopine (BALDWIN and GR ESS HOFF 1978) failed to demonstrate 
the presence of thi s characte ri stic marker in the CAPT suspen sion cultures. However, the 
loss of such markers without loss of auxin autotrophy has been demonstrated previously 
(MARTON et al. 1979). 
Stock suspension cultures (60 ml ) in 250 ml Erlenmeyer flasks were grown in the dark at 
26 C with rotary shaking (150 rpm with a ½" throw). Transfers were made by inoculatin g 
100 ml of 7 day old suspension into SO ml of fresh B 5 medium with no added hormones 
(GAMBORG and EVELEIGH 1968). After 3 years under thi s suspension culture regime over 
950/o of dividin g cells have a 7 chromosome aneuploid karyotype. Routine cytological moni-
toring has demonstrated the long-term stability of this aneuploid culture. Such stability 
precludes any errors in phase duration estimations due to progressive karyotype evolution . 
Tracheid elements were observed at a frequency of about 1 °/o, indicating a very low leakage 
of ce lls into this differentiation pathway. 
2.2. Estimation of Growth Parameters and Viability 
Techniques for estimation of rates of cell number increase were as previously publi shed 
(GouLD 1977) with the following exceptions: aqueous chromium trioxide solution was used 
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at 100/o; cell maceration was at 60 °C for 5 tO 10 minutes, and cell lumps were dissociated 
by vigorous shaking for a similar period of time. Viability of cell suspensions was estimated 
by applications of Evans Blue, which enters only dead cells. The validity of this method has 
been checked by reciprocal staining with fluorescein diacetate, which causes live cells to 
fluoresce (WIDHOLM 1972). 
2.3. Cell Cy cle Analysis Methods 
For the fraction of labelled mit0sis analysis (FLM) cell suspensions were pulse labelled wi th 
tritiated thymidine (1 X 10-8 mo! J-1 specific activity 5 Ci mmol- 1 [185 GBq mmol-1] 
which gives an activity per ml of 5 X 10-2 µCi [1.85 kBq], Radiochemical Centre, Amers-
ham) for 20 minutes followed by a cold thymidine chase (5 X 10-5 mo!). A label-t0-cold 
chase ratio of 1 : 5000 had previously been shown tO be effective as a pulse labellin g treat-
ment for this culture. Cell cycle parameters were derived both manually, as described by 
MITCHISON (1971, p. 22), and also by computer, using the program of Dr. K. KosCHEL. 
For continuous labellin g analyses, cell suspensions were repeatedly supplied with tritia ted 
thymidine (1 X 10-8 mol J-1 every 6 hours) . Scintillation counting had previously shown that 
a si ngle application of tritiated thymidine at this concentration is t0tally utili zed after 7 to 
10 hours, whereas cells labelled every 6 hours incorporated tritium int0 their macromolecular 
fraction in an essentially linear fashion for at least 45 hours. 
For both fraction of labelled miwses and continuous labelling analyses, cell sampl es were 
fixed in 3 : 1 ethanol : acetic acid for at least 24 hours and aut0radiographs of Feul gen stained 
cells were prepared using Kodak AR-10 stripping film. Aut0radiographs were exposed for 
up t0 14 days prior t0 development in Kodak D-19 and fixation in Ilford H ypam. Mitotic 
and labellin g indices are means of counts of 2,000 nuclei , and the FLM parameter is calculated 
from observations of 100 mit0tic fi gures for each da ta point. 
2 .4 . F eulgen-D NA Densitometry (Micros pectro photometry) 
Measurement of D A content of individual nuclei in Feulgen-sta ined auwradiographs were 
performed on a Zeiss 02 phot0meter sys tem at 570 nm. Integrated absorbance of specimens 
was aut0matically calculated by running the Apamos Modified program on a Digita l PDP12 
computer interfaced to the phot0meter. The ratio of G 1 to G2 nuclei was estimated from 
DNA distributions of non-labelled interphase nuclei . Using this ratio and the relevant mi-
t0tic and labellin g indices, cell cycle phase durations were determined by the method set out 
by CLEAVER (1967). 
It was necessary t0 confirm that DNA sy nthesis was continuous in these cultures, otherwise 
interpretat ion of pulse and flash labelling methods is difficult. Thus, DNA contents of 
labelled nuclei in aut0radiograph preparations were determined in pulse labelled populations 
by calcu lating the difference in absorbance at 570 nm and 670 nm. This technique is full y 
described elsewhere (GouLD 1979), and depends on the differential absorption of si lver grains 
and the Feulgen-DNA dye complex. By chis technique a stud y of rates of D A sy nthesis as 
cells progress through S phase can be made if DNA precursor pools are small and/or constant 
in size. 
Scintillation counts on cell samples removed from CAPT suspension cultures which were 
continuously supplied with tritiated chymidine revealed virtu ally no chymidine pools in these 
cells, and densit0metric analysis indicated continuous DNA synthesis throughout the S phase. 
3. Results 
3.1. FLM Analyses and Grow th Curves 
Combined data from 5 separate investigations of cell number increase against 
time in suspension cultures (Fig. 1) indicate that there is no discernable lag 
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phase and that apparent exponential growth continues for approximately 
72 hours after inoculation. The average cell doubling time during this expo-
nential growth period is 37.6 hours. Two FLM analyses were performed on 
separate cultures, each between 24 and 66 hours after inoculation (Fig. 2). The 
durations of G 2, S, and the total cell cycle time have been determined, both 
by manually plotted FLM curves, and by computer analysis (see Materials 
and Methods) of raw FLM data (Tab. 1). Estimates of mitotic duration were 
obtained from scores of mitotic index, and the values for G 1 duration were 
calculated by difference. Although the interpeak distance in FLM plots is 
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Fig. 1. Cell number increase curve of CAPT cell populations. The data are summations of 
counts on five separate cultures, each inoculated with cells grown at 26° for 7 days 
considered a poor measure of total cycle time by proponents of recent pro-
babalistic models of the cell cycle (SMITH and MARTIN 1973, GouLO 1977), 
such estimates of cycle time obtained from the FLM curves of cultures A and B 
indicate a disproportionately large discrepancy between estimates of total 
cycle time obtained by FLM analysis as compared with cell number increase 
data. This suggests that there may be a non-cycling fraction in the CAPT 
populations. 
Both computer analysis and manual plotting of FLM data give closely com-
parable estimates of total cycle times but significantly different estimates for 
the subdivisions of the cycle. Very careful scoring methods, using randomized 
slides and multiple counts, failed to reduce the scatter of points on the FLM 
plots, which renders heuristic analysis (i.e ., curve fittings by eye) unreliable. 
The high degree of scatter on both the ascending and descending limbs of the 
first peaks in Fig. 2 may explain why the duration of S phase, in particular, 
is extended in the manual analysis (which takes account of all the data on the 
C 
s 
t 
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broad peak) compared with the computer generated durations (which puts 
more emphasis on the top-most point, so that the half peak height level is 
elevated more than in the intuitive, manual method). Values for G2 are in 
better agreement, as might be expected, because only one source of scatter (the 
ascending limb) is involved in the measurement of the G2 transit time. It is 
noticeable that whereas the FLM curve for culture B shows a longer cell di-
vision time than for culture A, this lengthening is caused by increased dura-
tions of S, G2 and mitosis, whilst the G 1 duration remains the same in both 
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Figs. 2 A and B. Fraction of labelled mitoses (FLM) curves for two CAPT cell populations 
Table 1. Accumulated Data of Estimated Phase Durations for Two Cultures of CAPT. 
The daca have been derived using both heuristic and computer analysis of FLM curves, and 
by applying Mak's combined autoradiography and densitometry method assuming all cells 
are cycling with total cycle times (Tc) estimated from relevant FLMs 
Type of analysis Phase durations (h) 
Tc± S.E.M. G, S ± S.E.M. G, M 
Culture A FLM manual plot 10.4 0 3.6 6.2 0.6 
FLM computer analysis 9.13 ± 0.2 3.17 1.62 ± 0.1 3.94 ± 0.5 0.4 
Mak's method 9.13 ± 0.2 4.1 0.53 4.3 0.25 
Culture B FLM manual plot 14.4 0 6 7.3 1.01 
FLM computer analysis 13.01 ± 0.3 3.28 1.95 ± 0.1 7.38 ± 0.1 0.4 
Mak's method 13.01 ± 0.3 7.2 1.38 4.32 0.37 
cultures (Tab. 1 ). Such elongation of cell cycle time may be explained by 
slight alterations in culture conditions. However, previous studies with non-
tumourous suspension cultures have indicated that extension of cell division 
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time in different cell cultures of the same cell lines, is due to variation in G 1 
duration alone, with G2 and S durations remaining constant (GouLD et al. 
197 4 ). 
3.2. Combined Densitometry ( M icrospectrophotometry) and Autoradiography 
These analyses were carried out on samples withdrawn from cultures A and B 
(referred to in the FLM analyses) 20 minutes after addition of tritiated thymi-
dine. In Feulgen-stained autoradiographic preparations of these samples all 
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Figs. 3 A and B. Frequency distributions of values for Feulgen-DNA contents of unlabelled 
imerphase nuclei in rapidly dividing CAPT cultures (24 hours after inoculation). Each distri-
bution represents the staining density of 100 nuclei, which showed no grain (i.e., G, and G 2 
nuclei ) in autoradiographs of cells exposed to tritiated thymidine for 20 minutes. Differences 
in scale range arise from variation in overall Feulgen staining intensity in different staining 
runs 
labelled cells are in S phase, unlabelled cells are either in G1 or G2, depending 
on their DNA content, and mitotic cells are distinguished cytologically (MAK 
1965). Fig. 3 presents Feulgen densitometry data obtained from the zero hour 
samples of the A and B FLM curves. The ratios of G 1 to G 2 cells (0.54: 0.39 for 
culture A; 0.64 : 0.26 for culture B), labelling and mitotic indices (0.057, 0.019 
for culture A; 0.096, 0.019 for culture B), and cell cycle times derived from 
the relevant FLM curves were combined to calculate cycle phase-durations 
(Materials and Methods). The interphase durations determined by this meth-
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od differ significantly from those obtained by FLM analysis (Tab. 1). With 
the exception of the G2 estimate for culture A, densitometric analysis gives 
lower values for S and G2 than the FLM method. Conversely, the FLM esti-
mates of G 1 are much shorter than values assigned by densitometry. Mak's 
method of cell cycle analysis gives valid estimates of cycle phase durations 
only in situations where very high proportions of cells are engaged in cell cycle 
1.0 
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u 
'i5 
.!: 
-~ 0.6 
0 
.t 
E 
-u 0.4 
C 
0 
1.0 
0.8 
A 
24 36 
B 
Hours post chose--
Fig. 4 A. Accumulation of labelled mitoses and total labelled cells in CAPT cell cultures 
after (i) single 6 hours dose of tritiated thymidine (! X J0-8 mol l- 1) [ -t:, - labelling 
index; - o - fraction of labelled mitoses], and (ii) multiple doses of tritiated thymidine 
(1 X J0-8 mol [- 1 every 6 hours) [ - • - labelling index; - • - fraction of labelled mi-
toses]. Each data point represents counts on 2,000 nuclei for labelling index, and I 00 mitotic 
figures for determination of the fraction of labelled mitoses 
Fig. 4 B. Theoretical accumulation of labelled cells with multiple dose continuously labelled 
cultures, according to the model proposed in the text 
traverse. In contrast, FLM analyses depend on counts of labelled mitotic 
figures and so non-cycling cells cannot bias estimation of phase transit times 
obtained from the first peak. Thus the disagreements between the results ob-
tained by the two methods can be explained in terms of low growth fractions 
in the CAPT suspension cu ltures. Since estimates of the length of G1 are great-
15 Protoplasma 101 /3 
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D 
est by the densitometric method, while th
e same analysis gives values for S 
and G 2 duration which were shor
ter than values from FLM analysis, it is lo
gi-
cal to assume that non-cycling cells are a
rrested in G 1 . A subpopulation suf-
fering G 1 arrest would be expected to
 bias calculations of phase durations such 
that G1 is overestimated, by Mak's 
method whilst other phases are underesti-
mated. 
3.3. Continuous Labelling 
Counts for fraction of mitoses labelled a
nd labelling indices were made on 
two cultures, one in which a single dose o
f tritiated thymidine was given for 
6 hours starting at zero time, and the oth
er in which the culture was dosed 
with tritiated thymidine every 6 hours (Fig. 4 A). This 
second labelling re-
gime made tritiated thymidine continuo
usly available to the cells over a 
45 hour period of apparently exponential
 growth in the cultures (Materials 
and Methods). In the single dose experiment, the
 labelling index shows a 
plateau at approximately 0.16 after 6 ho
urs, whilst the fraction of labelled 
mitoses begins to rise at approximately 4 h
ours and peaks at 0.76 (higher than 
for the pulse labelled FLM analyses since 
the cohort of labelled cells is much 
wider). The G 2 parameter estimated from both sin
gle and multiple dose ex-
periments is 6.5 hours, which is in good a
greement with the value obtained 
from heuristic analysis of the FLM curve
s. Thus, this value for G 2 duration 
can be accepted with confidence. 
With label continuously available in the m
ultiple dose experiment, the fraction 
of labelled mitoses reaches a plateau of abo
ut 0.8 after 15 hours and rises only 
slowly thereafter (Fig. 4 A). A small fraction (approxim
ately 50/o) of mitoses 
sti ll remain unlabelled even after prolon
ged supply of tritiated thymidine 
(Fig. 4 A). This suggests that a proportion of cells in the c
ultures may become 
"arrested" either in mitosis or G 2, or that a
 number of cells are defective in the 
thymidine kinase enzyme. Additionally, h
uman error in counting or problems 
with high background and slippage of fi
lm in autoradiograph preparations 
may account for part of the apparent unl
abelled fraction. At 33 hours, 800/o 
of total cells show label and after continuo
us labelling for the presumptive cell 
cycle time of 9 to 14 hours, labelling ind
ex is only 0.3. Results of the con-
tinuous labelling experiments and a comp
arison of the time courses for frac-
tion of mitoses labelled, and total labelled 
cells, again suggests the existence of 
a non-cycl ing sub-population in the suspen
sion. 
4. Discussion 
No single analytical technique, applied in
 isolation, gives a satisfactory de-
scription of the dynamics of the cell cycle
 (PAINTER et al. 1964, M ENDELSOHN 
and TAKAHASHI 1971, GouLD et al. 1974). In th
e tumour-derived Crepis 
capillaris suspension cultures even analysis 
by three different methods does 
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not yield an immediately comprehensible model of the kinetics of cell pro-
liferation. These difficulties in interpretation arise from the presence of size-
able non-cycling subfractions in the CAPT cell populations which adversely 
affect the accuracy of the continuous labelling and densitometric methods. 
The resolution of the FLM analysis is reduced by intrinsic features of the 
CAPT cell cycle, namely, the relative durations of S, G2 and M. 
The FLM analysis is most successful in situations where S phase is long rela-
tive to G 2 and mitosis. In this situation S phase cells traverse rapidly into 
mitosis allowing little asynchrony to develop in the labelled cohort and the 
relatively narrow mitotic "window" is saturated with labelled cells for an 
easily measured period (i .e., the breadth of the well defined peak is the dura-
tion of S phase). These conditions apply particularly to the mammalian cell 
cycle (QuASTLER and SHERMAN 1959, BASERGA and W1EBEL 1969). However, 
in CAPT suspensions the duration of G 2 appears to be long in comparison with 
S phase (Tab. 1 ). Thus, during the long G 2 stochastic processes may develop 
asynchrony within the labelled cohort and the mitotic "window" is unlikely 
to become saturated by the relatively narrow band of S phase cells. The flat-
tened indistinct nature of the FLM curves in this analysis (Fig. 2) can therefore 
be understood in terms of the temporal structure of the S-G2-mitosis se-
quence. 
The FLM peak after a single dose of tritiated thymidine not followed by a 
cold chase, reaches a value of 760/o at 10 hours (Fig. 4 A), and the duration of 
G 2 as estimated from this curve is 6.5 hours, which is in good agreement with 
the pulse chased FLM curves. Therefore the majority (800/o) of cells traverse 
G 2 in 6.5 hours and also the highest labelling index obtained, even after 
33 hours of continuous labelling is 800/o. This discounts the possibility that 
the very small second peaks in FLM represents a sub population of CAPT 
cells having a G 2 duration of about 14 hours and thus the distance between 
the two peaks can be taken as an approximate measure of total cell cycle time 
(see Materials and Methods). 
Extrapolation from the data on continuous labelling yields an estimate of 
total cycle duration of 46 hours if all cells are assumed to be cycling (method 
of CLEAVER 1967). Substituting this estimate, in place of the FLM-derived 
value for total cycle duration, phase durations have been recalculated from 
the densitometry data (Mak's method) and are presented in Table 2. In this 
recalculation both the G 1 and G2 parameters are significantly longer 
(20.7 hours, 25.2 hours and 21.6 hours, 15.2 hours, respectively) than those 
transit times as measured from the FLM curves (Tab. 1). However, the direct-
ly measured time taken for cells to traverse G 2 i close to 6.5 hours in 4 sepa-
rate analyses (Figs. 2 and 4 A), and thus the assumption that all cells are cy-
cling is again called into question. Additionally, population doubling time as 
calculated from cell number increase curves is about 37 hours, and therefore 
the estimate of 46 hours for total cell cycle time derived from the continuous 
15* 
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labelling data must be discounted. Taking the total duration of the cycle as 
between 9 and 14 hours (FLM analyses), the continuous labelling data 
(Fig. 4 A) can only be interpreted in terms of a low growth fraction in the 
CAPT cultures. 
If a ll cells in the population are assumed to be cycling and cell division time 
is taken as 12 hours (FLM analyses), predictions of increase in cell number 
with time can be made. Comparison between predicted and observed cell 
number increases, and estimates of the fractions of cells which must therefore 
leave the cell cycle at each stage of the growth cycle, are presented in Table 3. 
Table 2. Recalculation of Phase Durations for Two Cultures Assuming (i) All Cells Cycle 
and Total Cycle Time (Tc ) is 46 Hours (From Continuous Labelling Data), and (ii) G 1 Cells 
Are Non-Cycling and Tc is as Calculated by FLM. 
Note chat the second assumption gives estimates which agree most closely wi th FLM derived 
durations, especially for G2 (Tab. I ) 
Type of analysis Phase durations 
Tc G, s G2 M 
Culture A Mak's method, assuming a ll ce lls cycle 46 20.7 2.7 21.6 1.2 
Mak's method, assuming all G, cells are non-
cycling, and taking Tc from FLM analysis 9. 13 0 0.85 7.94 0.53 
Cultu re B Mak's method, assuming all cells cycle 46 25.2 4.8 15.2 1.3 
Mak's method, assuming all G1 cells are non-
cycling, and caking Tc from FLM analysis 13.1 0 2.6 9.75 0.98 
U sing this approach it appears that 0.77 of cells inoculated do not enter the 
division cycle, and, subsequently between 0.2 and 0.4 of the dividing popula-
tion exit from the cycle per division. Applying this model of a continual drop 
out of cells from the division cycle, a plot has been made of the expected val-
ues for fractions of cells labelled during continuous labelling of CAPT sus-
pension cultures between 24 and 72 hours of culture (Fig. 4 B). This predicted 
plot fits quite closely with the experimental plot obtained (Fig. 4 A). Simi-
larl y, application of this "continual drop-out" model predicts tha t 0.6 of the 
population will be in the non-dividing compartment after 24 hours of culture 
(Tab. 3), which is when the densitometric analysis were carried out. This 
fraction is very close to the experimentally determined proportion of the po-
pulation which is in G1 at this time (Fig. 3). Since it has already been argued 
tha t non-cycling cells are arrested in G1 rather than in any other cell cycle 
phase [ see Results, Combined Densitometry (Microspectrophotometry) andAuto-
radiography], it is suggested that the majority of G 1 cells in these cultures is 
in a resting state. This agrees with data obtained from the FLM curves which 
indicate that the G 1 phase is either completely absent (heuristic analysis), or 
at least of very short duration (computer analysis), in cycling cells. Recalcula-
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tion of all phase transit times by applying Mak's method, and excluding all 
G 1 cells from these estimations, gives values for the lengths of G2, S and mito-
sis which are in much closer agreement with the values obtained from the FLM 
analyses (Tab. 2). 
Thus, the "continual drop-out" model which accommodates all of the data 
and considerations presented above, has the following characteristics: 
(i) Cycling cells have either a very short, or a non-existent G 1 phase. 
(ii) In both these tumourous cultures and in root meristems of Crepis capillaris 
the durations of the S, G2, and mitotic phases are similar (LANGRIDGE et al. 
Table 3. Cell Nitmber Increases for Successive Time Intervals Modelled on a 12 Ho11rs Di-
vision Cycle (FLM Data). 
Cycling and non-cycling fractions are calculated from observed cell number increase (Fig. 1) 
compared with expected cell number increase if all cells divide 
Time (h) Cell No. increase Fraction of cells Fraction of cells Fraction of cells 
interval (cell ml-1 X 10-5)assumed t0 leave in cycling in non-dividin g 
division cycle compartment after compartment after 
each interval each interval 
0-+ 12 4.525-+ 5.546 0.774 0.248 0.752 
12-+ 24 5.546-+ 6.918 0.327 0.398 0.602 
24-+ 36 6.918-+ 8.811 0.315 0.427 0.573 
36-+ 48 8.811-+ 10.97 0.423 0.397 0.603 
48 -+ 60 10.97 -+ 13.87 0.339 0.412 0.587 
60 -+ 72 13 .87 -+ 16.60 0.511 0.339 0.661 
1970, G ENERALOVA 1969, KuROIWA and TANAKA 1969, ABRAHAM et al. 1968, 
VANT HOF 1965) with the possible exception of S phase, which may be shorter 
in the cultures. (For CAPT cultures G 1 = 0 -+ 2 hours, S = 2 -+ 4 hours, 
G 2 = 6.5 hours, M = 1 hour.) 
(iii) During proliferation in culture a relatively constant proportion of the 
cycling populations arrest in G1 (0.3 to 0.4 per cycle). 
This last concept of cell arrest in G1 has parallels with both the Q cell ( quies-
cent cell) proposal of CHU and LARK (1976) for soy bean cell cultures, and the 
G0 non-cycling compartment proposed by LAJTHA (1963) and EPIFANOVA and 
TERSKIKH (1969). It may be that G 1 arrested cells in the CAPT cultures have 
lost the ability to initiate DNA synthesis, and such loss of competence could 
be related to the total number of cycles a given cell has undergone in its history 
(HAYFLICK and MOORHEAD 1961). Alternatively, the clumps of cells which 
occur in CAPT populations may represent meristematic nodules, and the G 1 
arrested cells in these cultures may have lost the ability to cycle through sepa-
ration from such parental clumps. Certainly, according to the "continual 
drop-out" model, a large fraction of the inoculated cells in CAPT cultures 
fail to enter the division cycle. However, recently proposed non-deterministic 
228 SARAH E. ASHMORE and A. R. GOULD 
models of cell division control do not require the existence of a non-cycling 
sub-fraction of the population to explain G 1 "arrested" cells. Rather, such 
cells are considered still division-competent and have not irrevocably left the 
cell cycle (SHIELDS and SMITH 1977). In terms of the transition probability 
model (SMITH and MARTIN 1973), cells in the CAPT suspensions have a prob-
ability of initiating a new round of DNA synthesis and division of either 
close to zero (those cells which become arrested in G 1), or close to one (those 
cells which traverse G 1 very rapidly). 
Previous reports have shown that the plant cell cycle is very much extended 
in suspension culture as compared with meristematic root tip cells of the same 
species (BAYLISS 1975) and, in particular, it is the G 1 phase which is increased 
in length in hormone-requiring suspension cultures (GouLD 1977). However, 
this analysis of tumourous CAPT suspension cultures indicates a total cycle 
duration close to that in root tips of the same species and the G 1 transit time, 
rather than being extended, is of ex tremely short duration. Thus the possi-
bility arises that although exogenously supplied auxin is essential for growth 
in non-tumourous plant cell cultures, such growth is achieved only at the ex-
pense of an extended G 1 period. BA YLJSS (1975) has reported a shortened cell 
cycle time (32.8 hours) during embryogenesis in auxin-free suspension cultures 
of Daucus carota, as compared with the normal non-embryonic cultures to 
which 2,4-D was supplied (cycle time = 50.9 hours) . In part icular, the G 1 
phase was most reduced in the auxin-free culture. Parallels with the CAPT 
suspension culture, therefore, suggest a link between auxin autotrophy and a 
shortened cell cycle time, in which the G 1 phase is specifically most reduced 
in duration. This raises the possi bility that the exogenously supplied auxin 
(2,4-D) is directly inhibiting the rapid transit of cells from G 1 into the DNA 
synthesis period. 
In CAPT cultures the growth fraction is less than one because a proportion of 
the cycling population arrests in G 1. In cycling cells G1 is very short or absent, 
and the total cycle time of 9- 14 hours is uncharacteristically short for a plant 
cell suspension culture. These unusual kinetics also feature in animal tumour 
cell populations, where low growth fractions (not necessarily smaller than in 
the corresponding normal populations-GAVOSTO and P1LERI 1971) commonly 
occur (MENDELSOHN 1962, BASERGA 1965, BRESC IANI 1968), as do shortened 
cycle times (REISKIN and MENDELSOHN 1964, DORMER et al. 1964, IV ERSON 
et al. 1962, BRESCIANI 1965), and absence of G 1 in the cycling cells (BASERGA 
1963, LALA and PATT 1966). Likewise, dividing CAPT cells that are auto-
trophic for auxin, with their rapid transit through G 1, are similar to virally-
transformed animal cells, which are far less sensitive to reductions in se rum 
levels in terms of proliferation than are their untransformed counterparts. 
This suggests that a general feature of tumourous cells (both plant and animal) 
may be the ability to traverse the G 1 phase rapidly and somewhat indepen-
dently of culture conditions. 
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Summary 
A tachmcnt o[ virions of tobacco mosaic virus to 
proloplas ts isolated from dividing, suspension cul ured 
cells of Nicotinna_sylvcs_ris was estimated using 
quantitative autoradiography of individual protoplasts. 
Additionally , t.he position of each p.cotoplast in the cell 
cycle was asses s J by Feulgen ~icrospectrophotometry. At 
pH 5.6, after preincubation with 4 g . mL-1 . poly-L-
ornithine, proloplasts in the c 1 and c 2 phases bound 
more virions th a n protoplasts in the S-phase . The 
possibility th~t such differential binding was caused by 
cyclical variation in the net charge on the protoplast 
membrane has b~en investigated . It was found that S-phase 
protoplasts of N._szlvestris can be separated from 
protoplasts of other cycle stages by partition in aqueous, 
two-phase, immiscible polymer systems, presumably because 
they differ in charge . Also , electrophoretic studies 
suggest that c 1 phase protoplasts bear higher surface 
c harge than some non-G 1 protoplasts. 
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1 . InlrouucLion 
1hc inLeracLion of pl nt virus virions with leaf 
protoplas s i~-~~~E9 hus been intensively studied , prima rily 
as a model of the infectio n process (TAKEnl and OTSUKI 
1974, 13Ul{GESS ct al. 1973), and quantitative investigations 
using either radioactively labelled virions (Zl!URI\L EV et al. 
1975), fluorescent antibody (OTSUKI and TAKF:BC 1969) or 
electron microscopy (COUTTS et al . 1972) have been aimed at 
optimising virion binding, uptake and replication. However, , 
for certain cnimal viruses , it has been shown that infection 
can depend on lhe host cell's position in the cell cycle 
(EREME'KO et al. 1972, YANAGI et al. 1977), with the S- phase 
of synchronized cell populations being most susceptible 
(LAWRENCE 1971, FURUKAh'A 1979) and thus virus 
attachment and infection may be interpreted as a probe for 
physiologial changes related to cell cycle progression. 
Unfortunately, parallel studies on cell cycle related 
variations in susceptibility to plant viruses have not been 
reported, possibly because most i~-~i~~~ studies have been 
done with protoplasts from mature leaves, most cells of 
which are in the G1 phase and thus furnish protoplast 
populations which are undifferentiated in terms of cell 
cycJe stage . 
Recent r rts have indicated that the·initial binding 
of virions o plant pro oplasts is determined by electro-
static charge inLeractions dictated by the iso- electric 
poin of the virion, the p!I of he protoplas culture 
medium , and the negativ• potential of the protoplast 
membra1 e (Ol<L1:--!0 aml l·URUSAWA 1978, NAGATA aml MELC!ICRS 
---
1978). Preliminary autor diographic obse vations concerning 
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cycl relat,•J Vdria ion in bin<ling of vj1· lun•; by pJ...int 
protoplasLs (GOULD 1979) may be interpre <l "due lo 
chang sin surface charge of proloplasts a <lifferent stHges 
of the cell cycle . Such variation in virion binding is 
probably not significant in terms of the infection process 
e!E_!!• because of the exclusively G1 condi ion of 
the cells of most mature leaves and also because 
relatively hi<Jh levels of polycation are need ll Lo elicit 
this cell cycle-related effect. 
2. t-'.a e> r 1c11 ·, c111d -1r· t !HJ,1:., 
2.1 Ce>ll s_1'Pcli<1 _ .. n,J_r ro _ol'l<1,, t_r , r(•p,1rutio:--, 
A ccJllus culture of nic0Ua11,1_szlv0s_ris \,Jos 'kinclly 
supplicJ by Dr r . Dix, v;ho der iv c1 the tissue from h<>ploid 
ma erial. A cell line (l S-1) from this callus was 
maintain d as a suspension culture in the medium RM 1964 
(LINSMAI C and SKOOG 196 5) with 2,4-D at 0.4 mg L-1, 
kinetin a 0.03 mg L-1, sucrose at 40 g L-l and casimino 
a c id s a 1 g L - 1 . Ev e r y 7 d a y s 1 0 m 1 o f ti e c e 11 
suspension 1-1ere ransferred into 50 ml of fresh medium and 
incubated t 26°C at a shaking rate of 150 excursions per 
minute in a Gallenkamp orbital shaking incubator. After 36 
months of this Lransfer regime, all cells in mitosis showed 
48 chromosome s (i.e . they appeared to be telraploid) . 
ProtopL,sts 1.-,ere prepared from cultures 2 days after 
transfer by centrifuging 10 ml of cell suspension and 
resuspendin~ the cells in protoplast washing buffer (P . W. B. : 
2 mM Nall 2 PG4 , 3 n '·\ cacl 2 , 11i sorbitol; pH 5.6)~ 
Washed cells v;ere finally resuspended in 10 ml of enzyme mix 
(2% Driseluse, 2% pectinase, 1% hemicellulase, in P.W . B.) 
and shaken gently at 50 r.p.m . and 26 °C in a Petri dish. 
Protoplas rele~se was usually complete after 3 to 4 h 
incubation . Protoplas s were separated fron whole cells and 
wall debris by gently washing the enzyme/cell mixture 
through 63 m Nytal gauze . After a final resuspension in 
3 ml P . W. D. be ter ·han 8% of protoplasts were viable , as 
assessed by Evans Blue exclusion and fluorescein diacetate 
staining (1-IIDIIOl.d 1972), and t Lhis stage, Calcofluor White 
st ining <li<l no reveal the presence of eel wall ma erial . 
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2.2 Vjruses 
The virions of four tobamoviruses were use~ in this 
work. The type strain (Ul) of tobacco mosaic virus (TMV) 
and the U2 strain (T2MV) wer e obtained from Dr !<. Helms 
(CSIRO, Canberra) . They were grown in~~~~~~~~~ 
clevelandii Gray and virions ( 3H-TMV and 311-T 2MV) 
labelled with 3!1 uridine were prepared as d<>scribed by 
GIBBS and MacDOKALD (1974) . Virions of two olhcr 
tobamov irus slrains (TO~l-1 and TA!3-l ) were kindly supplied 
already labelled with 3H -uridine by Dr L . Pelcher (Prairie 
Regional Laboratory, Saskatchewan, Canada). Also , 
preliminary experiments were done using tobacco necros is 
satellite virus donated , with its helper virus by Dr R. I . B . 
Franki (Waite lns~itute , Adelaide ). This satellite virus 
(SV) was grown in N. _clevelandii and its virions were 
labelled with iodi ne - 125 by the method described by STANLEY 
and HASLAM (1971) . 
Protoplasts exposed to tritiated virions were fixed in 
a mixture of 9 volumes ethanol , 3 vol umes glaci l acetic 
acid, 4 volumes water , with sorbitol at a final concen-
tration of 11%. After l h protoplasts were sedimented by 
brief centrifugaLion and resuspended in 3:1 ethanol-
glacial acetic acid and left overn i ght . Protoplasts were 
then rehydrated, Feulgen stained , and resuspended in 25% 
acetic acid . Drops of this suspension were placed on subbed 
slides and allowed o air dry . Slides were left overnigh , 
then immersed in distilled water prior o applica ion of 
Kodak A. R. 10 s r ipp~ng film. Au oradiograph sU des wer 
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hen sLoreu in dry , liglit-tj']llt boxes fcJr exposure J c:r·1.or1s 
of 4 to 10 Jays at 10°c. Slides were dev e l oped for G 
minutes in Kodc.1k D-19 developer and fixed in I l ford l!yp<.1m . 
Microscopic examination \:as done directly unuer oil -,..,i t houL 
applicaLion of coverslips o the autoradi ographs. 
2 . 4 Microsp _ ctrorho _ o metq~_ an,1 _au tom, ted _ q ra i n_ coun ti ng 
Al l measurements were made with a Zeiss photomcLcr 
(interfaced to a PDP-12 computer using the APAMOS !ODIFIED 
programme) by Lhc silver grain remov al met.hod described by 
GOULD ( 1979). In Lhis method two measurements a re m de on 
each Feulgen-stained protoplast in an autoradiograph 
preparation. After the first measurement of the absorbance 
at 570 nm of individual Feulgen stained cells and 
autoradiogr phic silver grains associated with them, the 
slide is treated with Farmers Reducer (a ferricyanid~/ 
thiosulphate reagent which removes silver grains). 
individual protoplasts are relocated and measured again 
using the APAMOS "Find and Adjust" memory option, and the 
difference between first and second measure~ents assesses 
the absorption drop due to silver grain removal (i . e. the 
number of virions bound) . The second measurement also gives 
a n es t imate of the position of the protoplast in the cell 
cycle assessed from its nuclear DNA content (GOULD 1979) . 
Thus each protoplast can be assigned a cell cycle position 
and a virion binding ability , and if suffici ent protoplasts 
are analysed , a picture of how such binding abiliLy varies 
through the cell cycle can be synthesized. 
8 
2 .4 ProLO[>Li i, __ ·lcc_ro2l1o r" ~i s 
The cell ·lcctrophoresis uppuratus w.:is si:nilur to thc1t 
described by t?/\Gi\T/\ and MELCIICRS (1978). l!owever in our 
apparatus cer ai n difficulties were encounle~eJ with 
temperature fluctuations and electro-osmotic effects and 
measuremen s of electrophoretic velocities were nol 
considered reliacle enough for the calculation of absolute 
millivolt potenlials o n individual protoplasls . Protopl sts 
used for el ectropho resis were isolated e ither from 
exponentially dividi ng or from stationary phase cell 
populations and some measurements were made in the presence 
of poly-L-orni tl ine . Measurements were made at or very 
close to the stationary points of the electrophoresis cell . 
Corrections for the slight drift caused by electro-osmosis 
were achieved b y measuring protoplast velocity relative to 
the movement of uncharged silica particles included in the 
electrophoresi s buffer. Results are express ed as velocities 
in arbitrary units (eyepiece micrometer division per unit 
time) . 
2 . 5 Two - ehase_separation 
This method relies on the dif f erentia l partition of 
protoplasts between two immiscible phases , in this case 
dextran and polyethylene glycol . The partition of 
pro oplasts depends on the re l ative affinities of the 
membrane surfdce for the polymers present in· the two phases and 
the protoplas s' absorption at the interface. The addi ion 
of appropriates lts to the system can produce an 
electrostatic po l en tial difference be ween th e Lwo phases. 
Su e ! charge dtfferenLiation incrc scs he separation of cell 
types which di(fer in surface charge 
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(H EIT!IERMJ\ll ct ;ti . 1973) . In his s lu y he ver y cffici n 
scpa r i on 1,1h1ch can be achieved by a counter- urrcnt 
distribution method (ALl' E RTS SON 1970) was exploited, and the 
phase system most suitable was f o und to consist of 6.3% 
dextran 500, G. 3% PEG 4000 , 10 mM KP04 buffer at pH 7.8, 
10 mM NaCl. When pro t opla.sts had been partitioned in the 
counter-current distributi o n appar a tus, the samples were 
centrifuged , w,1shed in P\~13 t o fr e e them of polymer and then 
fixed as described for Feulgcn s aining and autoradiography . 
./ 
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3. Results 
3 . 1 Virus_bin ,]inJ_ex12c rimcnts 
Preliminilry expcr1mcnls with radio-iodina cd virions of 
tobacco necroHis satellile virus (125r-sv) confirmed tha 
electrostatic considerations could account for the initial 
interaction between these virion s and Nicotian .. 
s~lvestris proloplasts. SV was used bee us its virions 
have an isoelcctric point of 7 . 0 (KASSA' IS 1970) which is 
high compa red with the virions of other plant viruses, most 
of which have 1 soe lectric points around 4 to 5 . 125r-sv 
was added to protoplasts in buffe r s over the pH range 5 . 6 to 
7 . 5 and incubated at 26°C for 10 minutes. The quantity of 
1251-sv bound to the protoplasts was measured by 
scintillation coun ting of thoroughly washed protoplasts . 
Proloplasts in pH 5.6 buffer bound 3 times as much 
l25r-sv as did protoplasts in pH 7.0 and 7 . 5 buff~r. We 
conclude that where the protoplast buffer pH is close to the 
isoelcctric point of the virions, electrostatic interaction 
between them and the negatively charged protoplast membrane 
is diminished . 
In contrast with the 125r-sv results , insignificant 
amounts of radioactivity were bound to N._stlvestris 
protoplasts when they were incubated with tritiatcd virions 
of all tobamoviruses tested , over the same range of buffer 
pH. The isoelectric poin s of all tobamovirus virions are 
close to 3.5 (ZIIITLI 1 1970) and this should preclude virion 
binding at pl! values in the range 5.6 to 7 . 5 because bolh 
virions and pr o oplast membrane will be neg a ivcly charged. 
Unfortuna ely we could not easily pr od uce ndequc ely 
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tritia r>cJ L,, b , cc o n,· c ro ~is - <1 P1li e virus dnd 1251-s v i s 
not suitc1l>le f o r Lhe quan jta ive autoradiographic rnetho 'I 
(GOU LD 1979). Ther e f o re tritia ed tobacco nosaic viruses 
were used in his sludy, even Lhough the electrostatic 
interoctions between TMV virions and protoplas s require the 
presence of polycati o ns for efficient binding. OKU O and 
FURUSA\-.JA ( 1978) have demonstrated the role of polycations, 
such as poly-L-ornithine, in virus infection of barley 
protoplasts, and so an experiment was done to define the 
optimum level of polyornithine for efficient binding of 
3H-TMV whilst main a ining protoplas t viability . It was 
found that the viability of protoplasts decreased rapidly at 
polyorni hine concentrations above 4 µg m1-l. However it 
is likely that exposures longer than a few minutes to 
polyornithine at 4 µg m1-l would also prove toxic to 
protoplasts. In these experimen sit was only necessary to 
demonstrate viability in the short term, as protoplasts were 
fixed after 3 minutes of incubation . Autoradiography showed 
that 3H-TMV was very efficiently bound at polyornithine 
concentrations above 1 µg ml -1 , with progressively 
increasing autoradiographic grain densities up to 100 µg 
ml-lpolyornithine. 
Protoplast s isolated from 2 day old suspension cultures 
of N. _s:tlve stris, and resuspended in 3 mls of P.W.9. (pH 
5.6) to give 2 x 105 protoplasts ml ·l, were incubated 
with 4 µg m1-l polyornithine for 60 seconds. Then 0.05 ml 
(1.8 x 105 c . ~.n.) of a su3 .cnsion of 3H-TMV 
(approximately 1 r.ig m1- l) was added o th e protoplasts and 
afler 2 minut,.s - 11 sample w<~s fixed. Feulgen stained 
1 2 
au or<1dior3i-c1! ,l11c prepcira ions of .,uch protoplusts 
dei onstratccl Lha only about 70i of the pro oplus 
population h,1 l l>ound virions (Fig. la & b). It was also 
evident that the presence or absence of radioactivi y (i.e. 
of virion attarhment) was correlated with nucleur morphology 
and size. This observation suggested a correlation between 
the ability o bind TMV and the position of the protoplast 
in the cell cycle. Fig. 2 shows seven proloplasts, four of 
which have smnll , condensed nuclei and associated silver 
grains (i.e. they have bound JH-TMV virions), and three of 
which have diffuse nuclei and sl1ow no sign of radioactivity. 
The absorptions at 570 run of 200 Feulgen stained 
protoplasts, randoml y selected in an autoradiograph 
preparation, were measured with the Zeiss microspectrophoto-
meter system before and after removal of silver grains, the 
co-ordinates of each protoplast v!ere stored by the computer. 
Results (Fig. 4) demonstrate that althaugh protoplasts in 
the G1 and G2 stages of the cell cycle varied greatly in 
their ability to bind virions , S-phase protoplasts bound 
much less viru s than protoplasts in other stages of the cell 
cycle. Protoplasts in mitosis are rarely identified in such 
experiments, perhaps because they are fragile and lost 
during isolation, or because the high osmotic pressure of 
the protoplas·s' culture conditions causes clumping of 
chromosomes thus obscuring mitotic fi~ures . The few 
protoplasts seen in mitosis have more associated silver 
grains (i . e. have bound more virions) than S-phase 
protoplasts (Fig . 3). This apparent reduction in the 
proportion of mitotic figures is the only distortion in cell 
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cycle di tribu i0n o[ :~._s:rlves_ris protoplusl populatio11s 
as compared Lo the exponen·iully dividing cell suspensions 
from which Ll11: y 11re isolated (GOULD unpublished data). 
Several other similar analyses, using virions of TMV and 
T2MV, and the Lwo strains TOM-1 and· TAB-1 supplied by Dr 
Pelcher, invariably demonstrated thats-phase protoplasts of 
N._stlvestris bound fewer virions than G1 and G2 
protoplasts. llov1ever distribution of protoplasts in 
different parts of the cell cycle ensures that only about 
10% of pro oplasts are in S-phase, and so measurements of 
200 randomly selected protoplasts gave only about 20 
protoplasts in the low-binding S-phase . Therefo re another 
analysis was clone , comparing t11e cell cycle distribution of 
protoplasts with heavy grain densities with that of lightly 
labelled protoplasts . Results of these analyses are given 
in Table 1. In hese experiments polyornithine was used at 
4 µg m1-l as previously , but 0.2 ml of the 3 H-TMV 
suspension was mixed with 3 mls of protoplast suspension to 
give virion saturat ion. In this experiment all protoplasts 
became labelled . Protoplasts were classed as either heavily 
labelled or lightly labelled before removal of grain with 
Farmers Reducer. After grain removal protoplasts we r e 
relocated anJ absorbances were read at 570 nm. From Table 1 
it can be seen that the ligh ly labelled pro~oplast sub-
popula ions contained up to 40i S-phase protoplasts, whereas 
the heavily labelled sub-populations had less than li 
S-phase protopl sts (actually only 1 S-phase in 150 
protoplasts mcnsured in the first analysis) . 
In all of Lhe virion a achment experiments, duplicate 
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sumples were pre-:; c1inc:cl wi Lh r:vans Blue l cf ore Feulgen 
s ain1.ng , 1.11 ord,;r to ic:vn ify dcud protopl,1s , a method 
kindly suggested by Dr Lyndsey Withers . In all experiments 
less Lhan 4i of prolopl<lsts were dead and there was no 
preferential binJing o[ virions by such dead protoplasts . 
3.2 ProtoplasL_elecLroehor~sis 
For reasons outlined previously , absolute millivolt 
potentials were not calculuted for protoplasts in this 
study . Electrophoretic mobilities of about 50 protoplasts 
obtained from a stationary rhase culture , were compared with 
mobilities of protoplasts isolated from an exponentially 
dividing culture . Fculgen mi~rospec rophotom try of 
stationary phase protoplasts emonstrated that over 9S% of 
the population was in the G1 phase. Histograms of the 
distributions of protoplast velocities are displayed in 
Fig . S. The upper histogram (Fig . SA) derives from 
stationary phase (G 1 ) protoplasts, the lower (Fig. SB) 
from exponential (cycling) protoplasts . It appears that a 
significant proportion of protoplasts derived from expon-
ential cultures migrates more slowly than stationary phase 
protoplasts, under the standard conditions of electro-
phoresis. Electrophoresis of protoplasts in the presence of 
polyornithine at 4 µg m1-1 abolished or reversed 
protoplast migration but very variable results were 
obtained . 
3 . 3 Two_phase_see;:-iration 
Protoplasts isola ed from dividing cul ures were 
partitioned by~ counter current distribution method as 
s 
th 
f 
1 'j 
J t 1.s very sj Jill f1canL tha ch,u, ,('S 111 t:c1Cl 
conc cntruLio n (which uffe<:L Lhe potent1;1l diffcr<! llC"'<' l>•t,,ccn 
the 2 polym,,r phc1scs) grec1tly al e r ed Lhe par itior of 
protoplils s. Results of Fculgen microspectrophotumctry of 
two fracti o ns ob ained by such r,artition ure presented in 
Fig . 6, Fi') . 6/\ •hows the bimodal distribution of 
Feulg en-DNA conlent of proloplasts obtuined by bulking 
cont ents of tubes 12, 13 and 14 of a 30-tube dislribu ion 
experimen . Fig. 6B shows t he intermediate single peak 
distribution o~ Feu l gen-DNA cortents derived from 
protopl asts <lislributed in tubes 20 , 21, 22 and 23 of the 
same experiment. The histogr~n in Fig . 6A is character-
isti c of a populatio n containing all phases of the cell 
cycle. The Fig . GB histogram , because of its intermediate 
position in t erms o f D'.'<A c on tent, would appear to represent 
mainly S-pl1a se protoplasts. This r esult sugge sts that there 
is a characteri stic differentiation in terms of surface 
properties of S-phase protoplasts as compared to protoplasts 
It must be re-emphasised that the 
influence of a lter ed aCl concentrations on partition 
suggests that separation of protoplasts is due to cha=ge 
differences. 
4. Discussion 
Our experime nts indicate that protoplasts of 
Nicotiana_ syJvestris whi c h ar c in the S-phase of the DA 
replic a ion-purLi ion cycle are less susc e p ible to 
polyornithin c rnediaten binding of TMV virions than are 
protoplasts in other phase s of the cell cycle . This is not 
the first imc th c1 viru s/hos -cell in eractions have been 
lG 
shown Lo be cell-cycle ,Jcper dent ,1:itl he i1nr,o rlance of the 
S-phase h<1 s be n spec ifically men i o necJ in Lhis context by 
other authors (LAW RENCE 1971, FUR KAWA 1979). l!owever , all 
previous work on the rela ion be wee n cell division phase 
and the mechanisms of virus infection and rcpl~cation has 
been with animal cells (GROYON and KNIAZEFF 1967, EREMENKO 
et al. 1972, ST . JEOR and HUTT 197 7 , YANAGI al. 1977) 
so the experiments with plant protoplasts reported here 
provide a plant-kingdom parallel with such previous 
ir,vestigation s . 
Several parameters which correlate with the dynamic 
structure of the cell memb ran e , including microviscosity (de 
LAAT ~~-~!- 1977) and cellular electrophoretic mobility 
(MAYHEvl 1966) have been shown to be cell cycle related. 
If, as has been previously reported, the initial stage of 
virus attachment is mediated by simple electrostatic 
interaction (OKU ·o and FURUSA\olA 1978, !.:AGATA and MELCl!ERS 
1980) it might be postulated that the differences in TMV 
virion attachment, reported here , reflect cycle-related 
variation in the charge on the protoplast membrane. Such an 
interpretation is most easily understood if the poly-
ornithine used in the 3H-TMV experiments is thought of as 
the primary probe for the gross electronegative charge on 
individual protoplasts . Under the experimcnlal conditions 
used (i.e . pll 5 . 6) the protoplasts bound no TMV virions in 
the absence of polyornithine, presumably because both 
protoplasts and virions were nega ively charged . When 
polyornithine is added Lo a protoplast suspension the number 
of polycationic molecules bound to the protoplast.s should be 
related to the magnitude of the negative ch<1rge on the 
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rnc.:mbr<incs, Lh<1 . .ts, pr0Loplc1sls ,11Lh lii<Jilcsl ne nc,J 1Live 
char9e bind most pulyornithin,~. Virion rtll<1ch111e nL will lhen 
depend on h' positive er ur9es displayed by the poly-
ornithine molecules bound to each protoplast . Our 
experimenLs, if interpreted using such a scheme of ch rge 
interaction, SU<Jgest thut S-phase protoplasts carry less 
net negative charge (and so bind less polyornithine und 
therefore less 3 fl-TMV) than protoplasts of other cycle 
phases. 
There is some previously published support for the idea . 
of electrost tic charge variation on the membrane during the 
cell cycle . For instance MAYHEW ( 1966) reported that 
synchronized, human o steog enic s a rcoma cells in culture , 
showed greatest electrophoretic mobility during mitosis and 
attributed this t o an increase in surface charge density . 
The virus binding results taken in isolation do not 
constitute strong evidence for a decrease in electrostatic 
charge on the protoplast membrane during D,~ synthesis 
because of the complex nature of the binding process (i.e. 
polyornithine is the mediator of successful binding). We 
were unable to obtain tritiated polyornithine , which would 
have allowed direct autoradiographic quantification of the 
amount of polycation ,1hich binds to protoplasts of different 
cycle phase. However the two phase separation technique 
lends stro119 support for a charge difference· between S-phase 
protoplasts un c1 or c 2 protoplasts (Fig . 6), because 
alterations in NaCl concentration caused redistribution of 
protoplasts between the two phases (although hydrophobic 
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in cn1ctior s can also play a par in s e par<1 j o ns obt incd by 
his method). In this study the wo-philse technique did nol 
establish whclher S-phasc protoplasts had elevated or 
depressed surface charge as compared with G1 and G2 
protoplasts . 
The limited data obtained from protoplast 
electrophoresis experiments are sufficient to indicate that 
protoplast populations obtained from dividing (i.e . cycling) 
cell suspensions contain an "electrophoret1.cally slow" 
subpopulation as compared to the predomin ntly G1 
protoplast populations obtained from stationary phase cell 
suspensions (Fig. 5). Thus, S-phase protoplasts, which bind 
less TMV in the presence of polyornithine, and partition in 
a charge related manner in a two-phase sep ration system , 
may represent the slower fraction observed in the 
electrophoresis experiments. 
No other authors have reported data relating changes in 
surface charge to cell cycle stage of plant protoplasts. 
HALIM and PEARCE (1980) have recently measured 
electrophoretic mobilities of protoplasts obtained from 
suspension cultures of Parthenocissus_tricuseidata , but as 
the cultures used were 4 to 6 weeks old it is unlikely that 
the cells were cycling , and mobility measurements were 
derived for whole populations rather than single 
protoplasts. llowever the approach used by these authors 
(HALIM and PEARCF, 1980) demonstrates the importance of an 
understanding of the surface properties of plant 
protoplasts, especially when considering manipulations 
concerning protoplast fusion o r the uptake of viruses or 
(oreign genetic material by protoplasts. 
protoplasts o f ;i._:,ylv,·~t, ,~. suqrJ• s hat h..:rc is" 
cyclical var ia ion J 11 Lhe composi ion of he protoplasl 
membrane, such tha the net negative char~e falls during 
G1 , is lowes during S-phase an~ rises again during c 2 . 
This cl arg• variation" parently dictates that S-phase 
protoplasls bind less TMV virions in the presence of 
poly- L-ornithine. The variation in the u1nount of JH-TMV 
bound to c 1 an<l c 2 protoplasts (fig . 1) is consistent 
with the idea that their negative charge dccrenses during 
G1 and increases during c 2 , because the technique used 
to assign protoplasts to particular phases of the cell cycle 
does not distinguish between early or late fractions of G1 
or G2 (G OULD 1979). From a virological standpoint it is 
important to note that infectivi y may not necessarily be 
directly related to the number of virions bound. Also we do 
not know if protoplasts of other plant species show a 
cyclical variation in net negative charge so it is possible 
that the phenomenon reported here is peculiar to protoplasts 
from dividing cultures of ~~_sylvestris . Ex per imen ts with 
protoplasts derived from a tumour line of ~~~P~~ 
capillaris (ASH '.<ORE , unpublished data) also suggest cycle 
related changes in surface charge, but the pattern of 
variation is not the same as proposed here. However, 
studies with cultured animal cells have shown how the 
topography und density of anions on membrane surfaces can 
vary with the slate of the cell (!3ORYSE KO nnd lvoons 1979) 
especially \,•.ith regard to teratoge:1ic transfonnation. 
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TABLE 1. 
Expt . l 
Expt. 2 
fTOJ 01 1011 o f cell 1n c1if:c· rcnt ~L.ir;cs o f h,• cell cycle 
LlwL IJ0car•11~ l 1c htl t lcthrlle or lH:aviJv la be ll ed when 
) 
expos0d Lo If-Tl-IV 
Stage of cell 
Gl s 
Heavy labe l 0.271! >0.01 
Light l abe l 0.33 0 . 36 
Heavy labe l 0.)8 0 
Light label 0.39 0. 40 
cycle Number of cel l s 
measured 
G2 (n) 
0 . 72 150 
0.)0 99 
0 . 62 120 
0 . 21 100 
"t Lightly labelled cells had <10 grains per protoplast; :ieavily 
labelled >40 grains. 
ff Proportion of cells in each stage 
F 
Fi 
Figure Ler;enJs 
Fig. lA and BF u)g,•n stained protoplasts o[ N._s}".lVl's_ris with 
different numbers of associated silver g rains, 
i ndicating differel'\tial binding of 311-n1v virion s . 
Fig . 2 
Fig . 3 
Note LhJt cytoplasm is virtually invisible . Phot ographs 
were taken with the specimen under oil 1.•ith no 
intervening covcrlip between autoradiographic film and 
objective . Nuc10ar diameters approx . 10-20 m. 
Seven Fuelgen stained protoplasts, four with condensed 
nuclei and associated silver grains , indicating virion 
binding, the other three with diffuse nuclei and no 
apparent virion attachment . 
One of the few protoplasts found in mitosis, showing 
some associated silver grains . 
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4A Frequency distribution histogram of Fculgcn-D~A values 
of pro oplasts isolated from 2 day old N. _svlves tr is 
suspension culture . 
B Sc atter diagram showing the Fuelgen-o::A con cn t of each 
protopl~s t plotted agains the reduction in absorbance 
at 570 nr.1 due to the removal of silv r gra_ins ove~ the 
protoplasL . The absorbar.ce drop (indicatlng the number 
of viric~s bond) is quoted ~n arbit rary uniLs obtained 
fro m the microspectrophotomeLer . 
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Freciuency distributions of electrophoretic mobilities of 
protopl ns ts ibolated from suspension cultures of 
N. svlvPstrb. 
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A Distribution of mobilities (expressed as protoplast 
velocities in arbitrary units) o! 52 pr0toplasts 
isolated from a stationary ph,'lse, lO day old , suspension 
culture . 
B Distribution of orubilities of 58 protopldsts isolated 
from ,tn exponentially dividing , 2 <lay olcl, susp"n ion 
culLure. 
v , 
.. 
Vl 
<( 
Cl.. 
0 
' -0 
°" Cl.. 
LL. 
0 
~ 
UJ 
a) 
< 
::, 
z 
Fig . 6 
:.? 0 
10 
0 
20 
10 
17 - ·I,: A 
,~ ,u 
3.2 3.4 3.6 4 .0 4.2 
20-23 B 
N =4 7 
4.2 
Log
10 
DNA CONTEN T 
Fuulgcn-D~A content distributions of protoplast 
populations obLained by partition of a bulk popul3tion 
of protoplasts of N. _sylvc stris in an aqueous two phase 
poly:nt!r system containing 10 rit! 1-iaCl . The original 
bulk population was derived from a dividing cul turt! , 
contained representatives of all cell cycle phases, and 
was partitioned by counter current distribution in JO 
tubes . 
A A biphnslc disLribution wiL~ peaks corresponding t o G1 
and Gz UNA contcnLs, obLaincd tcom tubes f2 to 14. 
B A s l nr, le pcnk distribution 1-i th the majority of ~;A 
content » lnl ermcdiate to tht• G 1 nnd Gz pc.iks of 
Fig . 6A . Thi e ··s-phase" population ,,,:.JS c.bt;iincd fro:n 
tubes 20 to 2 3 . 
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